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ABSTRACT

rometer detectors, and data handling techniques.

"\ pumps were also investigated.

The feasibility of a mass spectrometer analysis of the Martian atmosphere

was investigated. The mass spectrometer system mustyield accurate analy-

tical data in the presence of imposing restrict_ns on instrument size,

weight, power, and magnetic fringe field; sample time and conditions; and

transmitting channel capacity. The pr_osed analyzer is the Paul instrument

known as quadr_ole mass filter. A general theoretical analysis of the

quadrupole ana_zer was carried out disc_sing resolution, transmission

efficiency, and power requirements. Theoretical analyses were also per-

formed on the electron bombardment and alpha ion sources; thermal and

perfect imaging focal _stems; Knudsen flow, getter ion pumping, elect-

Several new gdtter ion

An experlmental analyzer was c_structed with r _ 0.i00" and the rod
o

length equal to 6". This was _ted with a non-magnetic parabolic electron

trajectory ion source. An experimental logarithmic electrometer with a

dynamic range of 105 and 10 "13 amp sensitivity was also built and tested.

In addition a weak magnetic field getter ion pump was tested and looks

promising. A means was devel_ed for prodding an inlet leak with molec-

ular flow properties across a pressure drop of 140 mb. The conclusions

reached are that a system can be built along the lines indicated by the

experimental work which will meet the analytical requirements° This

system will wei_ around seven pounds and demand an average p_er of less

than eight watts.
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1.0 STAT_4E_qT OF THE PROBLEM

1.10 BOUNDARY CONDITIONS 1

The environment of the Martian atmosphere, the general require-

ments for compatibility with the space capsule, and the performance

required can be considered to form a set of boundary conditions

which are applied to the system variables to arrive at a workable

solution. These boundary conditions are stated below.

I.ii Information Requirements

One or more samples of the Martian atmosphere are to be examined

to determine the constituents and their relative abundances. A

mass range of 12 a.m.u, to 50 a.m.u, is considered adequate for

this purpose. It is also expected that the mass spectrometer would

furnish data on the absolute pressure. This can be used as a cross

check on the other pressure measurin E devices. The accuracy of

these measurements is expected to be ±10% on i_ components and ±5%

or better on 80% components.

The detectible limit is set at 0.I volume percent.

The 1% resolution is to be M = 25 or better.

_M

I Most of this information is taken from JPL Statement of Work SW-2751

January 12, 1962

I-i
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I. 12 Assumed Model of Martian Atmosphere

i The important parameters of the Martian atmosphere are listed below

i with their expected values:

i Pressure at surface: 40 mb< Ps < 140 mb

Composition (volume 7_): 0 < H20 < 0.17_ (vapor)

I 0< N2 < I007.

i 0 < C02 < 15%

0 < 02 < i07_

i 0 C Ar < 207_ o

I Temperature at surface: 200°K < Ts < 300 K

The capsule will fall through the atmosphere with a velocity

i between 50 to 150 ft./sec.

i 1.13 Sampling Limits and Measurement Duration

i I. 13. I Falling Through Atmosphere

It is expected that the required information will be obtained

I while the capsule is falling through the atmosphere. The maximum

i analysis plus data transmission time will be no more than 20

minutes and not less than 5 minutes. The time taken to scan a

i spectrum must be in the range 20 to 60 seconds. The probable

range in the sampling limits during the fall is expected to be:

I

i 1-2
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P = 15 mb to 140 mb

T = 150°K to 300°K

The change in composition of the atmosphere over the sampling

height is expected to be negligible with the possible exception

of H20.

I

I
I

i

I
I

I
I

I
I
i

1.13.2

i. 14

After Impact

It is hoped that the capsule will remain operative after impace in

which case it is expected that the mass spectrometer would continue

sampling. However, it is realized that the probability of surviving

intact is not too high and therefore, it is important that as much

data as possible is extracted during free fall.

Available Power

The average power requirement of the mass spectrometer system is not

to exceed 6 watts during operation. The peak power at any time

during operation may exceed this value by a factor of i0 or 50.

The forms of power available on the space craft are:

a. 28v d-c.

b. 2400 cps, lOOv p-p square wave with a voltage regulation of ±2%.

c. 26v rms, 400 cps, 3 phase sinusoidal wave.

1-3

I



I

I

I
'1

I

1.15 Size and Weight

The mass spectrometer package including all support equipment such

as a pump, detector, etc., should weigh no more than 5 pounds. The

volume of the unit shall not exceed 800 cc/pound.

This is equivalent to 245 cubic inches for a five pound package.

The package should have a rectangular shape with a reasonable

length/wldth ratio (2:1).

I

I

I
I
I

I
I
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I. 16

i. 17

Environmental Constraints

The scientific package must be designed to survive the following

environmental extremes:

a. Sterilization - bake out at 135°C for 28 hours. Non-

operative during this time.

b. Vibration - white gaussian noise, 15-1500 cps in three

orthoganal directions. Sequentially, 15G for 6 sec., 10G for

180 set., 4 I/2G for 360 sec.

c. Shock - 200G for 0.5-1.5 milliseconds, thermal peak, sawtooth

shocks in three orthogonal directions.

d. Temperature - 150°K to 400°K.

e. Transit Time - 6 months.

Channel Capacity

The total number of binary data bits assigned to the mass spectrom_-

eter output which can be transmitted from the caosule durin_ its

fall is i000. Two of the spectra will be telemetered back to

earth, therefore, there will be

1-4
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I.18

I. 20

1.21

only 500 bits available per scan. The output of the mass

spectrometer may be either analog or digital but a voltage range of

0-5 volts is required.

Magnetic Leakage Field

Because there is a magnetometer on the space bus, the magnetic

leakage field from the mass spectrometer package cannot exceed

i gamma (10 -5 gauss) at three feet. This is a very strict require-

ment and strongly suggests a non-magnetic system be designed.

FIRST ORDER REQUIREMENTS

From the boundary conditions of the problem which have been stated

in the preceding section a number of the system variables are partially

or wholly determined. These requirements are discussed in this

section.

Speed of Measurement

From the S=hilling 2 report, the value for the scale height of the

Martian atmosphere near the surface has been calculated to be the

order of 19 kilometers.

The rate of fall is stated to be between 50 and 150 ft./sec. If

it is assumed that the larger value is for the maximum sample height

and the smaller rate is near ground height it can be shown that the

rate of change of density will lie between 0.035 and O.08%/second.

2 G. F. Schilling, Rand Report RM-2782-JPL, June 22, 1962.

1-5
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In order to accomplish an analysis within a period of less than

5% change in density, the analysis time would have to be less

than or equal to 62 seconds. One minute would be a reasonable

scan time.

For the mass range m/el2 to 50, the analysis could conceivably be

done by; a) simultaneous analysis of the peaks of interest; b)

spectrum stepped from peak to peak; c) selected peaks stepped

according to a preset estimate of composition; d) by scanning

the complete spectrum. If the spectrum is scanned linearly with time

in a total time of 60 seconds there would be 1.58 sec./peak.

However_ at the stated resolutlon of 1/25 the peak base width

at mass 12 is about half the above value or 0.75 sec. The

detector response time would have to be 0.i to 0.2 see., the exact

value depending upon the peak shape.

For stepped or selected data, the time per peak would be T/N

where Nis the number of peaks selected. For 1% reading accuracy

If 3_ readings are made in 60 seconds, el _ 3.16 sec.

Actually, more than 1 reading per mass positionmay be taken.

If 50 readings are made, this would imply'_= 0.25 sec. It is

apparent that the stepped mode of operationis somewhat less restrictive

upon the detector time constant. The simultaneous analysis of the

peaks would place a less rigid requirement on the detector_ however,

this would imply selected peaks with one detector per monitored me_s°

Neither of these requirements is very appealing, the first from the

1-6
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1.22

standpoint of possible restrictionof data and the second from the

standpoint of additional weight and power required for N detectors.

Based upon these considerations, a stepped system appears to be the

most advantageous.

Type of Pumping

Because of required sampling time desirability of more than one

sample and the minimum value to which the incoming flow can be

restricted, it is evident that a pumping mechanism will be

required. The possible means of pumping which might be

considered are: mechanical, cryogenic, gettering or getter-ion

pumping. Mechanical pumping must be ruled out on the basis of

weight and power considerations in addition to a general aversion to

moving mechanical parts. Cryogenic pumping was also considered

but even if it were practical during the transit to Mars it is

felt that during the fall through the atmosphere the low

temperature could not be maintained. Any increase in temperature

would liberate part of the gas absorbed during transit.

Gettering is an effective means of pumping provided that a large

surface area is available and the only gases _hich are to be

pumped are active. The expected abundance of argon implies that

simple gettering cannot be relied upon to maintain a low total

pressure. The only pumping method which appears to be effective

for active and inert gases and at the same time falls within

the weight and power requirements is getter-ion pumping. This

I 1-7
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i. 23

technique employs the positive pumping action of ionization and

sputtering in combination with sustained gettering to produce

a stable pumping action.

Presently used commercial getter-lon pumps employ strong magnetic

fields to obtain electron trapping and thereby a high efficiency.

The presence of such a f_Id would require a great deal of shielding

to meet the specification on the magnetic fringe field, and it is

doubtful that the resulting weight can be tolerated. For this

reason, it appears highly desirable to develop a non-magnetic

getter-lon pump. Ion pumping has been observed in ionization

vacuum gauges but the speeds are only of the order of 0.I to i

cc/sec, and I llter/sec, would be necessary. Additional study

.was required.

Sample Flow

In standard mass spectroscopy a pressure divider system is employed

to introduce the sample from a relative high pressure region into

the low pressure ionization and analyzer section. The first pressure

drop occurs across a viscous leak and the second across a molecular

leak. The region between the two leaks is maintained at an inter ,=

mediate pressure by a combination roughing pump and diffusion pump.

This type of system is clearly not applicable to the system which i_

under study. This implies that the entire pressure drop from exter[al

pressure to the internal working pressure must occur across a _ingl_

restriction. In addition, the flow through this restriction mu_t be

i_8
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held to the lowest possible level in order to reduce the gas

load upon the pump.

Several types of flow are possible. The most common practice is to

employ a long restriction to reduce thegas flow across a large pressure

drop. Such a leak is known as a viscous leak because the rate of

flow is controlled by the viscosity of the gas. This type of leak

has several disadvantages. First, the rate of flow is proportional

to the square of the external pressure thus increasing the dynamic

range of the system and making total pressure measurement difficult.

Second, the sample which is actually analyzed in a viscous leak

system is related to the actual external composition through the

viscosity of the gas mixture. This greatly increases the difficulty

of reconstructing the actual composition.

Critical flow through a thin aperture was investigated but it was

found that this condition was not realizable because the resulting

size of the aperture dictated that molecular flow would be reached

first. Molecular flow is much more desirable than viscous flow

because the flow increases linearly with pressure and the sample

is related to the actual environment by the atomic masses of the

component gases. This increases the ease of analysis. Although

molecular flow is the desired flow mechanism, it is extremely

difficult to achieve across a large pressure drop due to the small

size of the aperture. A diameter on the order of 0.3 _ is neeessaryo

1-9
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The technical aspects of manufacturing such small leak apertures

were investigated. It is also possible that near molecular flow

can be obtained into the transition region between molecular

and viscous flow. This possibility was investigated.

There are several other aspects of the sample inlet problem which

should be mentioned. If an accurate pressure measurement is expected,

the use of a buffer cavity between the actual inlet leak and the

external atmosphere is recommended to counteract the effects of

turbulence, Bernoulli's law, and the ram effect. In addition,

a filter must be employed to portect the inlet leak from clogging

by dust or other foreign particles. The resulting gas volume

between the filter restriction and the inlet leak must be kept

small if a noticeable time constant in the gas flow system is to

be avoided. The posslbile condensation of CO 2 and H20 upon

entering the ion source should be guarded against. The best means

of preventing this is to heat the inlet leak and the immediately

surrounding surface area. If a filament electron emitter is used

it is proposed that instead of wasting valuable power that the

filament dissipation be made use of.

One final point to be made is that if an accurate pressure measure-

mant is to be obtained the temperature of the inlet system must be

accurately known. This may require an additional temperature

monitor which had not been prevlously anticipated.

I-i0
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I 1.24 Data Handling and Output Measurements

Because of the serious limitation in the number of data bits available

I for sending the mass spectrometer output readings, the method of

handling this information becomes extremely important.

I 1.24.1 Log Implied Output

I There are two factors which dictate that the analog output be

logarithmic in form. The first is that a range of several decades

I must be compressed into a 0 to 5v scale. It would be impossible

i for a digital device to read from decades in a linear scale from

0 to 5v with the necessary accuracy. The second factor is that

I the percentage error encountered in digitizing the output of a

logarithmic device is constant. This can be shown as follows:

from which

I
I This says that a given dV error always corresponds to the same

I percentage error (_;/f ).

i.24.2 Dynamic Range

I The dynamic range is determined by taking into account several

I factors. The maximum current which will be read is the total

ion current. The minimum constituent level should be 0.1% of

I this maximum. Therefore, a range of 103 is needed to include

I these extremes. Variation in density during the sampling period

I
I-Ii
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1.24.3

accounts for another factor of 2 and the H20 reading should be a

factor of 2 above the noise level. Allowing for an additional safety

factor of 2.5 the total necessary dynamic range is seen to be 104 .

It is somewhat arbitrary to assume that the H20 reading will be a

factor of two above the noise level since this will be determined

by the source sensitivity and the detector sensitivity, however,

a factor of 2 should be allowed for actually it might be possible to

squeeze by with a dynamic range of 4 x 103 , but all of the considera-

tions handled here will be for the larger value.

Accuracy

Since the logarithmic analog readout will be a constant error system

the accuracy must be set at the maximum value stated in the specifica-

tions. It is expected that the total error will be divided into

three parts:

±2% error in analyzer output

±1% error in amplifier calibration

±2% error in digitizing

±5% total error.

It is also expected that at the low output end of the spectrum

where ±10% accuracy is needed that noise on top of the peak will

account for the additional ±5% allowed error. A total error of

±2% reading accuracy corresponds to a ±i0 mv error in reading the

log amp output. In order to see i0 mv in a five volt range, nine

binary bits are necessary. This is the same number of bits required

1-12
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i.24.4

if a l_near output were read and a digital scaling technique was

emp loygd.

Sampling Methods

D_ng the fall of the capsule through the atmosphere, the data

contained in two scans will be telemetered back to earth. There

will be 1000 binary bits available for this data or 500 bits per

scan. It is assumed that 50 of these bits might be used for

peripheral data such as total current reading, emission check, etc.

This leave 450 bits for digitizing the analog scan data. As

determined in the previous section, it takes up to 9 bits to read

out to the desired accuracy. If the data is read serially, a

marker bit would also be used to indicate those sample positions

at which data is read and those at which it is not. This is assuming

that all sample positions will not be read out but only those points

at which data above the noise level is indicated. Perhaps five

positions would be chosen where mass peaks were not expected to be

present and these would serve as zero check points. Hopefully,

three fo these positions would be mass free. These considera-

tions indicate that a maximum of l0 bits per sample point would be

needed, and if every position were read out, the available number

of sample points is 45. There are several ways of making use of

these sample positions.

a. Synchronized System

The easiest readout technique from the standpoint of data

handling is the synchronized method in which each sample point

1-13
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corresponds to the center (plus or minus some allowable

variation) of a known mass peak. If this method is used only

38 sample points would be needed, thus allowing a greater reading

accuracy to be used. If flat topped peaks are obtained at the

log amp output then a reading anywhere across the top of the

peak would be sufficiently accurate. The disadvantage of this

method lies in the fact that the r.f. voltage must be precisely

controlled. At a fixed frequency dV/V = dm/m. If the peak

top to base width ratio is defined as (t/b), then dV/V =

For dm/m = 1/25

For t/b = 0.5 dV/V = + 1% which may be attainable.

Non-Synchronized

If a non-synchronized sampling system is used, the r.f.

voltage does not have to beas accurately controlled but the

full number of bits must be used. If discreet jumps of

constant mass are used, the total number of sample points

needed to insure sampling the top of every peak is 2x38/(t/b).

The factor of 2 results from the fact that unit resolution is

obtained at m/e 25 so that at m/e 12 the peak base is about

half amass unit wide. For a rectangular peak, the required

number of sample points would be 74 which is considerably

more than theavailable number of 45. This method cannot be

used. I/the width of the jumps is allowed to vary with mass,

1-14
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1.25

the factor of two can be eliminated in which case it is found

that t/b = 38/45 = 0.845. It is extremely doubtful that such

a high ratio can be obtained without a severe loss in sensitivity.

It must be remembered that these calculations have assumed that the

full number of allowed sample points will be telemetered. This will

not be true since the logic can be designed to read out of memory

only those readings which have a level above some fixed value.

A position marker would be read at all points where data was not

read out so that the serial nature of the output is maintained.

If there are 20 peaks present, then t/b = 20/43 = 0.465 which says

that a 50% top to base width would be sufficient. It is difficult

to know exactly how many peaks will be present. This problem can

be partially handled by gating the memory output at two different

levels for the two scans which are to be sent. The gate level

would be dropped to zero at those points where the zero level is

to be checked.

The gating process could also be accomplished at the input to memory

by allowing the electrometer to read in only those positions at which

a reading above a fixed level is obtained.

Type of Analyzer and Pump

Meeting the weight specification on this experimental package will

be a difficult task and the situation will not be improved if a great

deal of magnetic shielding is required. Not only the shielding but

the magnets themselves would add notibly to the weight. If an

1-15
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entirely non-magnetic system can be realized the difficulties in

meeting the weight limit will be greatly reduced. Therefore, one

of the important considerations in the design of the ion source

and analyzer. The only practical non-magnetic analyzers appear to be

the time of flight or the quadrupole mass filter. The time of flight

has the disadvantage that accurate, high speed circuitryis required°

The reliability of such circuitry after a six month transit period

is questionable. On the other hand, the quadrupole analyzer requires

more power for the r.f. drive than is required by the T.O.F. Both

analyzers would be light am8 bOt_ appear to be easily capable of

meeting the performance specifications.

Three important requisites of the ion source are:

a. That is have a high differential pumping factor.

b.

C.

This is

necessary to reduce the effects of unequal pumping of various

gases and outgasing in the larger analyzer section. The higher

the differential pumping the lower will be the background relative

to the sample.

The source should be free of mass discrimination in the event

that a mass scan is used.

The source sensitivity and maximum exit angle should be

independent of temperature effects. This implies that a

perfect imaging rather than a thermal imaging source is desirable°

The balance of sensitivity, resolution and accuracy may make special

demands upon the detector and data handling methods. If sensitivity

1-16
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is low, a multiplier may be required or perhaps digital counting

techniques will be necessary. As an example of the balance of require-

ments, it should be noted that if a non-magnetic ion source is used,

a loss in sensitivity will be sustained.
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1.26

1.26.1

In Flight Operations

There are several operations which should be carried out during the

transit between the Earth and Mars. These are discussed below.

Pump Out

One of the fundamental limitations on the performance of a mass

spectrometer is the ability to detect small ion concentrations in

the presence of background gases. This limitation is most evident

when the gases of interest fall within the mass range of the back-

ground gases. The normal approach to this problem involves the use

of high speed pumps, ion sources with high differential pumping

ratios, and high temperature bakeout. Under normal laboratory con-

ditions, all of these conditions can be met and a low background

spectra maintained by continuous pumping.

Experience has shown that after lengthy pumping periods and extend-

ed high temperature bakeout, the residual gas pressure in a sealed

system will rise continually until an equilibrium pressure is reach-

ed. The ultimate pressure is generally determined by the size of

the system, the materials used, the previous history of the system,

storage temperature and is likely to be significant in any system.

The most logical method of conbating the out gassing problem is to

take advantage of the long transit time and the high pumping speed

of inter planetary space to pump out the system. This would require

a break off mechanism to open the system to space after the Earth's

atmosphere had been penetrated. Then before entering the Martian
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1.26.2

atmosphere the pump out tube would have to be sealed leaving only

the sample inlet leak to admit the Martian atmosphere. This appa-

ratus would require additional weight, but since a breakoff mechan-

ism is necessary in any event, the resealing device would not add

appreciably to it.

Filament Turn On

Before entering the sample range it is advisable to turn on the

filament and allow thermal equilibruim to be reached. At the same

time, the ion pump should be turned on so that a pressure build up

does not occur. After an equilibruim condition is reached a scan

of the background should be taken so that a comparison can be made

with the sample measurement. If the filament dissipation is used

to heat the inlet leak to prevent condensation of H20 or C02 this

would also reach equilibrium well before entering the atmosphere of

Mars.
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2.0

2.10

2.20

SELECTED STUDY PROGRAM

CHOICE OF ANALYZER

The study progran_ which was pursued centered around the

typeof analyzer which was decided upon. The quadrupole mass filter

appeared to have several advantages which combined made it the most

desirable type of analyzer. Most important of these is that this

analyzer is non-magnetlc thereby leading the way toward the real-

izatio_ of a non-magnetic system. Because it is not magnetic it is

light in weight, consisting only of a thin walled outer tube with

four rods and their suspension mounted inside. Another advantage of

the quadrupole is that it is a flexible instrument in that resolution,

size, power, and sensitivity can be traded for one another. There-

fore, it can be easily adapted to varying demands placed upon it.

Furthermore, the quadrupole mass filter may be used with a frequency

scan which implies that the source voltages can remain constant

thereby allowing a discrimination free source if a non-magnetic

source is employed. In addition to these features the quadrupole

can be operated to give I00_ transmission efficiency, and is thereby

eliminated as a source on system inaccuracy.

OUTLINE OF STUDY PROGRAM

The following outline constitutes the proposed study program:
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2.21

2.22

2.23

2.24

Theoretical System Study (System Analysis)

Calculation_and preliminary evaluation of component functions of

the system and their interrelationships. Several potential instru-

ment systems are expected to evolve from the preliminary analysis

to serve as guidance in specific areas of the study.

Mass Spectrometer Analyzer and lon Source

a. Calculations for a preliminary optimum of the analyzer design.

b. Evaluation of pumping speed and differential pumping of several

possible ion sources.

c. Design and construct one experimental model of the analyzer and

one ion source for experimental evaluation. To be used for

evaluation of: I) sensitivity, and 2) resolution, under expect-

ed boundary conditions.

Sample System

a. Theoretical study of inlet system to obtain best analytical

conditions in view of pumping capabilities.

b. Study of controlled techniques for producing molecular and

viscous leaks compatible with flow rate.

c. Construction and evaluation of one or more sample systems

based on study of techniques.

Pumping

a. Investigations of potential ion pumping systems.

b. Construct and evaluate properties of most promising design.
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2.25

2.26

2.27

Detector System

a. A study of the relative merits of: i) direct analog measure-

ment of ion current, and 2) single ion pulse counting using an

electron multiplier.

b. Investigation of detector components and circuits.

Support Electronics

Study and experimental evaluation of more difficult circuits requir-

ed for operation of system components.

Optimization of the System

a. Reduction of previous studies into an optimum design.

b. Submission of designs and results of the studies in the form of

a final report.
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3.0 METHOD OF SOLUTION OF THE PROBLEM

In the investigation of a complex system such as this one it is

important that all of the facets of the problem are examined in a

logical manner. This study must include a detailed analysis of the

system components so that their operating properties and their

effect upon other components are understood. Then these elements

must be combined in such a way that an optimum system is the result.

In order to aid this process, a logic diagram was constructed which

is shown in Figure 3.10. This diagram shows the various subsystems

along with their variables and the relationship between these vari-

ables to one another.

There are several possible solution paths which may be followed.

The choice of path depends in part upon which of the system require-

ments is considered to be the most important. This results from the

fact that starting at one point in the logic diagram and working

through it places increasing restriction upon those variables which

remain. As an example, if the resolution and transmission efficien-

cy of the quadrupole analyzer are initially set then the variables

affecting the quadrupole supply and ion source are determined. The

requirements of the quadrupole supply determine the total power

drawn by the quadrupole subsystem. The ion source design implies

the sensitivity of the detector, and the detector design necessary
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to achieve this sensitivity. At the same time the peak shape at

the output of the analyzer implies the time constant of the detector

and the means used to handle the output data. The design of the ion

source determines the differential pumping which in turn affects the

sample flow and pumping systems. Other paths may be followed which

may result in different conclusions. Care must be taken that the

problem is attacked from several standpoints so that the best over-

all result can be obtained.
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I

I
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I

i I

In addition to the choice of the proper solution logic, the problems

must be classified into the following categories:

a. Those which will not be investigated.

b. Those which will be given only preliminary investigation.

c. Those which will receive a thorough theoretical investigation.

d. Those which will be investigated experimentally.

e. Those which should be followed up later when time and money

allow.
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4.0 VARIABLES OF SUBSIDIARY ELEMENTS

With the boundary conditions, first order requirements, and approach

outlined, each of the elements which make up the system is discussed

in theory, and the resulting variables are examined.

4.10 THE QUADRUPOLE MASS FILTER

I

I
I
I

I
I

I

I
I
I

4.11 Fundamental Considerations

The potential distribution of a quadrupole field is given by:

Such a field is established in the region between four hyperbolic

electrodes when voltages are applied to them as shown in Figure 4.11.

However, it has been shown I that this field distribution is approx-

imated to a high degree of accuracy by electrodes with circular

cross-sections, provided that the proper ratio between rod diameter

and rod spacing is employed. If the rod spacing is 2ro, the rod

diameter should be 2.32 ro.

The motion of a singly charged ion in a quadrupole field is des-

cribed by the two independent differential equations:

= {_ (2)

and /_0_ ____(V_ 4-_/a_._'_j) V/r_ _ (3)

i
Dayton, Shoemaker, and Mozley, RSI, 25 (1954) 4-1
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where:
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rn_= O

Upon making the following simplifying substitions:

the above equations may be placed in the recognizable form of

I

I
I
I

I
I

Mathier 's equations,

and

I

I
I
I

The standard form of Mathieu's equation is

(4)

(s)

(6)

(7)

(8)

Thesewhere a and q may assume either positive or negative values.

parameters play a fundamental role in the theoretical investigation

of the quadrupole mass filter, since the solutions of Mathieu's

euqation are stable or unstable depending upon the particular values

which they assume. For a stable solution, the variable u remains

bounded for all values of _ while in the case of an unstable

solution, u is unbounded as

Equations (6) and (7) place two simultaneous stability requirements

upon the motion of an ion in the mass filter which correspond to

two simultaneous restrictions upon the values of a and q. When

these conditions are superimposed, a stability diagram results which,

for a small region of interest, is shown in Figure 4.12. The mass

filter is operated by scanning either voltage or frequency in such

4-2
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a manner that the a/q ratio remains constant and motion along a

"scan line" through the stable region results. As the voltage or

frequency is scanned, the path followed by ions of a given mass will

slowly be altered. As the scan progresses from q = 0 to q _ 0, the

path will at first be stable in the X-Z plane, but unstable in the

Y-Z plane. Hence, the ions will not be transmitted. As the scan

Continues, the instability of the Y motion will diminish and finally,

at the boundary of the stability diagram, ion motion will become

stable in both planes of motion. In this region, the ions will be

transmi.tted through the quadrupole section. Then, as the operating
e

point changes such that q increases farther, the motion will become

unstable in the X direction and the ions will again be cut off.

The solution of the equations of motion is a tedious Jobsince the
.

paths cannot be expressed in closed form.

The solution of equation (8) is expressible in the complex Fourier

series:

where_ is a function of a and q which may be real, imaginary or

correspond to stable solutions which may be expressed as an infinite

sine and cosine series. The stability of a path is not affected by

the values of A and B which are determined by the initial conditions

of the particle.
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The X and Y motions in a quadrupole field are fundamentally different°

This is the result of the fact that in the X direction, the d-c

field has a stabilizing action and the a-c field a destabilizing

one, while the opposite is true in the Y direction. The paths may

be approximately described as follows: The Y motion appears as a

product of two sine waves, one with frequency CO and the other with

frequency _>/_. The X motion has the appearance of a 100%

modulated sine wave with a high frequency of _and a modulating

frequency of _ _ (/-_ Brubaker 2 has carried out an actual

plot on a digital computer of the motion in the X and Y planes for

a given set of initial conditions. His results confirm the above

description.

4.12 Controlling Variables

The quantities which control the desired operating conditions of

the mass filter are:

a.

b.

C.

d. _

Resolution

Transmission efficiency (peak top width)

Scan mode

Power

The variables which can be manipulated to optimize these quantities

are:

a.

b.

_/_j = r,_. /injection voltage ratio

_,/V/_ =6_-/d_-v°itage ratio

2

national Des Techniques et Applications Du Vide Paris, 20-24, June 1961

W. M. Brubaker, "The _adrupole Mass Filter," presented at Congres Inter-
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C.

d.

e.

f.

g.

h.

i.

j.

60 = angular frequency

ro = rod spacing parameter

I = rod length

rc = collector aperture radius

re = entrance aperture radius

_= entrance angle

V_ = injection energy

2_/-- = energy spread

I
I

I
ii
i

i

i
I
I

I

4.12.1

The last four variables are controlled by the ion source since,

as will be shown, the design of the mass filter is intimately

associated with the nature of the entering ion beam.

Resolution

The basic essentials of the theory discussed thus far.indicate that

the resolving properties of the quadrupole filter are based upon

the stability or instability of the ion path as determined by the

operating point in the stability diagram. While this is true, it

must not be forgotten that the physical boundaries of the system

actually determine whether a given ionwill be transmitted and

therefore, these boundaries play an important role in the deter-

mination of the resolving properties of the quadrupole mass filter.

Both aspects of the problem are discussed below.

a. Width of Bandpass Characteristic

The most fundamental factor in determining the resolution of

the quadrupole mass filter is the width of the bandpass charac-

teristic. This may be expressed in terms of the stability

4-5
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diagram as the width of the stable region at the point where

the scan line makes its intersection. The initial conditions

of an ion as it enters the quadrupole field are also important

in determining if it is transmitted, however, this does not

effect the fundamental peak width since somewhere in the dis-

tribution of initial conditions will occur those for which

the boundaries of the theoretical stability diagram from the

actual bandpass limits. Tails may occur on the peak which

fall outside of the predicted frequency range. These will be

discussed subsequently,

From equation (5), the maximum frequency at which a mass, m,

is transmitted is given by:

CO..K _ (10)

and similarly, the minimum frequency at which the same mass

is transmitted is given by:

-_n_I /<- z?) _ 4,n_,U, (ii)

The quantities qmin and qmax are fixed by the slope of the

scan line. For the particular definition of resolution used

here, two adjacent masses are theoretically resolved if they

are not transmitted at the same frequency; i.e.,

(12)

_LWL

Use of equation (i0) and (II) yields:

__ m. In _ (13)

' 4-6
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b.

Defining:

equation (13) may be put in the form:

The stated requirement is unit resolution at mass 25.

apex value of qmax is assumed, the result is:

(14)

(15)

If the

_ _ L_ O.0_ 7 60 <16)
This relation places a restriction upon the range of values

which the ratio Vdc/Vac may assume, since the scan line must

cross the stable region between the apex and the point where

_%= 0.02824. From the stability diagram, this range is

V
seen to be:

0.1617 _.- _ /---_ 0.1678 (17)

This is clearly a small range of variation and points up the

fact that the d-c to a-c voltage ratio should be tightly

controlled.

Peak Tails

The bandpass characteristic of the stability diagram does not

control the actual tails which may occur on a mass peak when

it is scanned. These tails are caused by the fact that an

ion with an hnstable trajectory may still pass through the

quadrupole section and be collected provided that its path

becomes unbounded at a slow enough rate.
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The rate at which a path becomes unbounded is controlled by

the initial conditions and the operating point on the stability

diagram. As the initial radius or initial radial velocity is

increased, unstable paths will grow at a faster rate for a

given position on the Z axis. At the same time, the farther

that the operating point lies from the region of X-Y stability,

the faster will be the increase in amplitude with distance.

Let us consider ions of mass m and follow a scan through the

region of X-Y stability. As the scan point approaches the

stability border, the degree of instability decreases. Hence,

an increasing number of mass m ions can pass through to the

collector by virtue of the fact that the requirements on

initial conditions become less severe. The number of mass m

ions which get through the quadrupole section at a given

point on the scan line is governed by the ratio ro/_ and the

injection energy VI. The smaller the ratio ro/_ , the more

severe are the restrictions on initial conditions since the

slower must be the rate of increase in amplitude. The smaller

the value of VI, the greater the increase in amplitude of the

envelope of an unstable trajectory per unit length° Conse-

quently, the smaller VI, the longer the rods appear to be.

Once the stability border is reached, the paths become stable°

At th_s point, the envelope of the trajectory changes from an

exponential to a sine function with zero frequency (_= O )o

As the scan point moves into the region of X-Y stability, the

frequency of the envelope function increases. In crossing

4-8
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the stabillty border, a fundamental change takes place in the

transmission determining factors. Transmission is no longer

principally dependent upon ro/_ or VI because of the periodic

nature of the stable solutlon. There is a lesser dependence

upon these varlsbles which appear in the form of rlpple or spikes

superimposed on thepeak, This willbe discussed later.

Verification of these dependences is given by the fact that

von Zahn 3 has experimentally determined a relation that says,

in effect, that if the resolution predicted by the bandpass

characteristic (equation 15) is to be realized, then the ions

.must remain in the quadrupole field for a number of cycles which

is given by:

(18)
where

n - number of cycles of a-c voltage

M - half-helght resolution as theoretically set by the

4 M
poslti_ of the scan llne.

This equation mag not be applied directly to our problem since

M is the half-helght resolution, while we are interested i_I

AM
1% peak height resolutlon. Conversion of the equation for

complete separatlondepends upon the general form of the peak.

It was stated that the result was obtained at a bandpass reso-

lutlon of lOOwhlch indicates that the peaks were nearly tri-

angular in shape. (See discussion of transmission efficiency.)

The half-helght peak width is approximately onelhalf of the base

3 U. von Zahn, Diplomarbelt Bonn (1956)
4-9



I
I

I
i

i

height peak width and the resolution becomes:

_-- _" _ (19)
71.

where now M is the 17. peak height resolution. Because

AM
of our assumption (above) on peak shape and by considerations of

minima in the modulation envelope, it was decided to allow for

a margin of safety. Hence, we have used:

|
(20)

The number of cycles occurring during the traversal of the rod

|

!
I

I
I

I

!

i

length is given by:

(21)

where:

VZ = axis velocity

f : frequency

_= rod length

The Z axis velocity is given approximately by:

(22)

where a cosine factor was neglected. From equation (5) :

/"/I =" (23)
-77-_ ro=,--_p..

Combining euqations (20), (21), Knd (22) :

Vx
In this equation, q is considered to be a constant at its apex

value of 0.706. The system considered in this report will use

a frequency scan as will be discussed later. In such a system,
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Vac is held constant during the scan. As Vac is set at a

higher and higher value, the frequency must go up accordingly

for the same mass (see equation 23). In terms of the actual

path followed,higher frequency is reflected in terms of greater

instability in the region where one of the motions is unstable

(outside of the stability diagram). Then it is seen that the

result of increasing Vac is to make the paths more unstable

(relative to Z distance traveled) and thereby decrease the tails.

The factors V I and ro/_ appear in the form discussed previously.

The dependence on M in equation (24) can be explained by

AM
noting that if two adjacent masses are to be resolved, the

relative effect of tails becomes greater as the mass at which

unit resolution is to be obtained increases. This comes about

because the tails which appear on a peak are not a function of

the mass of the peak. When the Vdc/Vac ratio is increased, unit

resolution is obtained at a higher mass but only if the tails

are also reduced in proportion to the decrease in /_ q. There-

fore the M dependence is necessary.

_M

When 1% peak height resolution is desired, the tails necessarily

play a much greater role than in the case of half-height reso-

lution. This indicates that more detailed knowledge of the

tails is needed if an exact quantitative relation between the

controlling variables and resolution is to be obtained. The

transformation involved in going from equation (18) to equation

(19) may contain a greater error than was adjusted for in

4-11



equation (20) becausesuch detailed information was not avail-

able. Work by Wedemeyer4 described methods of reducing tailing

effects, however, the nature of his study was such that it finds

no application to the present problem. This report was con-

cerned for the most part with an experimental study of the effect

of initial conditions on the resolving power of the system.

Particular emphasiswas placed on the effect of molecular

energies in the ion source_

I
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I
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4.12.2

Two means were considered for controlling the tail size. The

first was to bias the exit aperture electrode with respect to

the quadrupole rods. It was thought that this would give the

incoming ions an electrical jog which would cause their initial

conditions to be diverse enough that the peak tails would be

significantly reduced. This method was experimentally tested.

The second means which was proposed was to mask off the entrance

aperture areas near the X and Y axes. This could be accomplished

by a small ring with a cross in it which would be positioned

over the aperture. Such a mask could be easily fabricated by

present day metal etching techniques.

Transmission Efficiency

A second important aspect of the quadrupole operation is its trans-

mission efficiency. This is defined as the ratio of the number of

ions of a given mass collected to the number of ions of that mass

entering the quadrupole section at any instant of time. (It is

4 R. Wedemeyer, Inaugural-Dissertation, "Ein Molekularstrahldetektor Mit

Elektronenstoss-lonisierung Und Vierpol-Massenfilter, Juli 1961 4-12
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here assumed that the transit time down the axis is negligible.)

The importance of transmission efficiency arises from the fact that

flat-topped mass peaks at the output of the instrument are obtained

only by operating the quadrupole in such a manner that 100% trans-

mission is obtained over some portion of the frequency range for which

a mass is being passed. Flat-topped peaks are a necessity in view

of the limited number of bits available for transmitting the output

data.

Another demanding reason for having flat-topped peaks is that the

accuracy of peak amplitude measurements is greatly increased. This

comes about since during the scan period at which 100% transmission

occurs, the peak height is not controlled by the analyzer. In addi-

tion, small changes in the Vdc/Vac ratio are not reflected in sen-

sitivity changes. This is a desirable condition since this ratio

may be difficult to control accurately. The burden of accuracy is

then thrown upon the ion source which, if non-scanning, should pro-

duce optimum stability of the ion beam.

Just as the initial conditions on an ion entering the quadrupole

section play an important roll in their transmission when their

paths are unstable, they are also important when their paths are

stable. Ions which enter the quadrupole section following a stable

trajectory may still fail to reach the collector because their amp-

litude of motion is too large and they strike the rods.

The maximum amplitude of motion for an ion is determined by its

4-13
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initial radial velocity, the phase angle of the rf voltage, and the

operating point on the stability diagram. The larger the initial

radius or entrance angle of an ion, the larger will be its range

motion. At the same time, the farther that the operating point

progresses from the edges of the regions of instability, the greater

is the allowable range of entrance conditions because of the greater

stability of the path. It is this phenomena which controls the

shape of a peak. In addition, the phase of the rf voltage controls

the path amplitude, but since the rate of scan is extremely low

compared with rf frequency, ions of a given mass will experience all

possible phase angles, and therefore, an average effect is noted.

lons which enter the quadrupole section following a stable trajectory

may still fail to reach the collector because the amplitude of the

motion is too large.

The detailed analysis of transmission efficiency and its effect upon

peak shape is extremely involved because of the lengthy numerical

calculations which are necessary. Paul Reinhard and von Zahn 5 have

partially treated this problem and come up with some useful results

for design. They started with the general solution to the Mathieu

equation (equation (9)) and expressed the arbitrary constants A and B

in terms of the initial conditions. Then, by use of the orthogonal

properties of the Fourier series, they were able to express the

maximum amplitude in terms of a function of these initial conditions

multiplied by the summation of the absolute values of the coefficients

5 W. Paul, H. P. Reinhard, and U. yon Zahn, Zeitschrift f_r Physik, Bd.

152, S. 143-182 (1958)
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C2no If the maximum amplitude is set equal to ro, then the restric-

tions on initial position, angle, phase, and operating point can be

I

I
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determined. It was found that the transmission limits could be

expressed as a family of ellipses when plotted on the Xo, X' o plane,

with _o and_as parameters. Continuing from this point, they

were able to express the ratio of the maximum amplitude to initial

as a function of phase angle _owith/ as a parameteramplitude

for the case of initial radial velocity equal to zero° From this

data, it was then possible to replace the iso_ lines on the

stability diagram with lines of constant restriction on initial

position. The result of their work is shown in Figure 4.13. This

I data is not sufficient to solve our problem since we are concerned

I not only with initial position, but initial radial velocity as well.

It was necessary to find an approximate method of extending the

I available data to include this more general case since its exact

I numerical solution would be too time consuming.

This was accomplished by making use of the work of Brubaker 2 in

I which an appropriate expression for the Y-Z plane motion was derived°

i This expresion may be expressed as:

where:

I
I

I

_= phase angle of rf voltage

(26)

A_ = arbitrary constants expressible in terms of initial

conditions
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Letting:

._.( _;- I- o.3_<"_,,__
(27)

II

II

(28)

the expressions for initial position and velocity are found to be:

These equations may be solved for A:

._,(@ -
The maximum value of y is given by:

and for transmission it is required that:

I _J¢ _ Y'6 (33)

then,

a. (34)

H Where equation (26) has been aubstitued for =<m

I

I

I

The indications frc_m the work of Fischer and Paul's group are that

the most severe restrictions on initial conditions occur at

in which case:

_,d RC£)--o-=_"
It is desirable to eliminate the variable

(35)
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This is accomplished by the use of equation (5) along with:

I

from which is obtained:

(36)

LJ ' V'e.=

Making these substitutions:

This expression now has ro on both sides. Solving for ro/Y o yields.

l.'4.=,,va,."_._ _ .... t -z/ "'._ l

..Y.._o_s,_ - -2.__ s,_._I, SZ ,.v,_. -20

For the special case of zero entrance angle

t/..>i/,3.s-
• i _ •

By comparing equation (40)_o the results obtained by Paul, Reinhard,

and von Zahn, the values of _ corresponding to the "tents" of

Figure 4.13. These values for _ can then be substituted into

equation (39) giving a new set of "tents"_hich correspond in posi-

tion, but not in value, to the old ones. The value will depend upon

the assumed maximum values for _ and Vl/Vac.

I The value of q in equation (39) is set at its apex value of 0.706.

The results of numerical calculation are shown in Figures 4.14 and

4.15. The parameter _ is defined to be:

- V V4.'--'_

The set of tents shown in 4.14 are for_= 0.01.

(41)

It is seen that

even for the relatively small value, the transmission characteristics
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of the quadrupole are greatly impaired.

It is of interest to check the accuracy of equation (39). Returning

to equation (34) and setting Yo = 0, and making substitutions (35),

the following result is obtained:

which can be put in the form:

(42)

(43)

This is identical to Brubaker's expression which neglected completely

the effects of the rf phase angle. It should be pointed out that

equation (39) is only intended to give an approximate solution to

problem° The actual values of _C_ and__ which posethe

the worst restriction on entrance conditions depend upon the

relative values of Yo and Vo° Since fixed values were assumed,

the results will not be entirely correct. This problem is no

greater in significance than that produced by the field distortion

due to the presence of the entrance aperture structure. In view of thes

these considerations, it is felt that equation (39) can be used only

as an approximate guide for design. Although these results were

obtained fom y motion only, they may be extended to the case of

X motion since, although the nature of the path is somewhat dif-

ferent, the stability criterion is essentially the same. Again,

the exact choice for worse case phase angle is not known, but the

error should not be appreciably different from the y motion case.
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Another phenomenon, which appears in the form of spikes on the sides

of the peak, is attributed to varying transmission effects. These

spikes arise because during portions of the scan over a peak, the

X and Y motions peak and zero at different times relative to one

another. If the injection velocity is too high, the ions passing

through the quadrupole section may not be eliminated by a rod

collision at those points in the scan where the phase of X and Y

maxima and zero crossings are just right. At such points in the

scan, there will be a spike on the peak° Such spikes cannot occur

on the top of a peak provided that the operating point is set for

100% transmission efficiency and therefore should not be a signif-

icant bother.

There are two important conclusions which can be drawn from this

discussion of transmission efficiency. The first is that the sen-

sitivity of the instrument is not governed directly by the quadrupole

section° This is true because the mode of operation is such that

the transmission efficiency of the quadrupole is 100% over some

portion of each peak. It is indirectly controlled by the quadrupole

analyzer since it is analyzer conditions which set the maximum size

of re . Since it is really the ratio ro/r e which is of importance, it

may be necessary to adjust ro instead of re if the source sensitivity

is marginal.

The second conclusion is that the peak shape in a quadrupole analyzer

is controlled in a different method than in a conventional magnetic

instrument. In a conventional mass spectrometer, the peak width
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is controlled by the width of the collector slit and the initial

conditions or aberrations on the ions as they enter the analyzer.

The width of the base of the peak is proportional to the width of the

beam plus the width of the slit. The width of the peak top is pro-

portional to the slit width minus the beam width. As the beam is

narrowed down, the base of the peak is narrowed and the top of the

peak is widened. In the case of the quadrupole analyzer, the base

width of the peak (neglecting tails) is controlled by the slope of

the scan line while the top width is controlled by the initial

conditions. This means that resolution and peak shape can be

independently controlled. These considerations are pointed out in

Figure 4.16.

It should also be pointed out that another mode of operation exists

for the quadrupole. As the slope of the scan line is increased for

a fixed ro and fixed entrance condition limits, a region will be

entered in which the transmission efficiency does not reach 100%.

As the scan line is raised further, the resolution continues to

improve due to the decreasing width of the stable region, but at

the same time the peak transmission falls off and triangular shaped

peaks are obtained. This mode of operation would be desirable under

three conditions:

a. If source sensitivity is marginal, the overall sensitivity can

be increased by opening up re to increase the number of ions

entering the quadrupole. Improved sensitivity would be obtained

only up to the point at which the ions admitted by a farther

increase in r e all have initial conditions which are too diverse
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4.13

b.

C.

for the quadrupole to accept.

If an extremely hi_ resolution instrument was desir_le, then

this mode of operation would be assumed° Since____---O_ /

ion source beam density would have to be high and detector

sensitivity would have to be maximized.

This mode of operation could only be tolerated if enough data

bits were available to transmit the output under conditions of

pointed peaks.

Scanning Mode

There are two modes of scanning the peaks in a quadrupole mass filter.

One is by scanning the voltage applied to the rods, and the second

is by varying the frequency of the rf. From Figure 4.12 and

equation (5), it is clear that if Vdc/Vac remains constant, motion

along a linear scan line in the a-q plane is obtained by either

technique°

The principle factor governing the technique to be used is the

application to which the instrument is to be put.

It is apparent from equations (24) and (39) that resolution and

transmission characteristics are functions of the ratio Vac/V I.

Therefore, if these quantities are to remain constant over the mass

spectrum, which is necessary for a true analytical instrument, this

ratio must also remain constant°

If the mass spectrometer is applied to a satellite application in

which all of the incoming particles have essentially the same
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velocity:

V o = K = constant.

Then:

_o_(_)¢ is the equivalent initial energy.

This equivalent initial voltage is likely robe fairly appreciable

compared with the applied injection voltage and therefore, to keep

the Vac/V I ratio constant voltage must be scanned with mass.

I

I

I

I
I

I

I
i
'1

I

4.14

In the case at hand, the mass spectrometer is analyzing a thermal

gas in which case energy is constant, independent of mass. In

this situation, VI = constant and therefore, Vac must be kept

constant. This dictates that a frequency scan be employed.

There are other advantages obtained in scanning frequency instead

of voltage. These are discussed elsewhere°

Power

One of the primary differences between the quadrupole mass filter

and conventional types'of mass spectrometers is that the operating

characteristics of the instrument (size, resolution, and transmission

efficiency) can be directly related to the rf power needed to drive

the quadrupole rods. For this reason, in power limited applications

such as the one under consideration, power becomes an important

parameter. This is good from the standpoint that it allows an

extra dimension in optimizing the operation of the instrument. At

the same time, however, it is likely to create more of a problem

in meeting the power requirements than would be encountered on
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other types of instruments.

II The wer I

P

induc or wh

in or er tc

of a i C par

The power d [ssi] ite

p --'-
An examination of P

V = 2Vac and t

At this point, it is

scan line equation J

The result is:

This equ ti

careful on

in a fre ue

I',-direct ly as

capacity is

The power loss in the quadrupole is due to the copper loss in the

inductor which must be placed in parallel with the quadrupole capacity

in order to obtain a high efficiency resonant circuit. The impedance

of a LC parallel circuit at resonance is:

An examination of Figure I shows that

The power dissipated in this circuit is then:

and therefore the result is:

(44)

(45)

gOo 1- _ (46)

common practice to substitute the quadrupole

scan line equation in such a manner that voltage is eliminated.

_ _=_ _',, watts (47)

This equation is extremely misleading if it is applied without

careful consideration of its true meaning. In the first place,

in a frequency scanned system, mass varies at the same time that

frequency does, and therefore, the equation does not give power

a function of mass. In the second place, in this system,

a function of frequency and therefore one or the other

cannot be arbitrarily varied. In the third place, Vac , which affects

resolution and transmission efficiency, does not even appear in the

equation, and consequently, it is not immediately clear what is

happening to these important quantities as f, ro, C, or Q are varied.
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In view of this,

I in favo: o volt

I ac ommo, at adeq

substitution of equation (23),

p: 41 Wo c

I If the frequency scanning is s

capacitor in parallel with the

I clear that:

I _id_- MoC -- _ = constant

and substitution of this result yields:

._ _ M_C

where

M o = lowest mass in scan range (amu)

CO = minimum capacity (pf)

M = mass (amu)

Q = quality factor of turned circuit

I
Even th:s _quation is so,

e then r o is related to CO .

let us first eliminate frequency from the equation

in favor of voltage which may then be set at a value necessary to

accommodate adequate resolution and transmission efficiency. By

the above expression becomes:

watts (48)

If the frequency scanning is accomplished by the use of a variable

quadrupole capacity, then it is

(49)

(50)

Even this equation is somewhat misleading because if Vac is fixed,

To further clear up this issue, the

following sequence of substitutions is used. Let M and Vac be

fixed. Then from equation (14):

I (51)

but:

I

I

_'-- _ and @- _

- LC RL--
(52)
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and therefore :

/..

I
(53)

This equation is of great significance because it says that ro can

I

I

be varied at will and the power will remain constant provided that

_ remains constant. For example, increasing Vo means

L
decreasing f which means increasing C and L. If they are increased

such that C/L remains constant, then power will remain constant if

RL remains constant° Since the inductance has increased, more turns

I
I

I

will be required and therefore it would be expected that the copper

loss would go up. However, at the same time, the frequency has

dropped by the same factor by which the inductance has increased.

Consequently, the skin depth of current flow has increased by the

square root of the frequency since:

i o(- _ _,.L,,?.

I

I

for copper (54)

and the conducting area has therefore increased nearly enough to

make up for the added length. (Since the region of interest is the

low megacycle range, _ will be considerably less than the radius

of the wire.) In addition, other losses caused by dielectric heating

in the ceramic supports and eddy currents in the surrounding shield-

ing will decrease with frequency. The only factor which works

against this decrease in RL is the effects of the self-capacitance

I of the coil.

I

I

The apparent inductance can be expreesed as:

L,_ -- L CI + C°,/c )
(55)
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where

L = actual inductance

C O = interwinding capacity

C = turning capacity.

It is seen that dropping frequency required C to go up, and hence,

L must increase slightly more than would be anticipated, thus

adding extra coil length. At the same time, however, Co will also

increase thereby counteracting the increase in C_ It must be assumed

that the overall volume of the coil and shield has not increased

since it will be desirable to maximize this volume at any frequency°

Therefore, increasing L requires closer spaced turns, and a greater

Coo The net result of all this appears to be that as frequency

drops, RL will decrease, even though L and the number of turns has

increased. Consequently, the act of increasing romay actually

reduce power instead of increasing ito This is a very important

discovery, although it must be realized that it is valid only for

some limited range of frequency°

Other conclusions which can be reached concerning power are that it

is always desirable to minimize Vac and Co and maximize Q. Decreasing

Vac is limited by the rod capacity of the quadrupole, wiring capacity,

and the minimum capacity of scanning capacitor. This may be ex-

pressed as:

where

CQ = stray wiring and end capacity of rods

(56)
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C S ffiresidual capacity of scanning capacitor

C%

_o

fficapacity/unit lengthof rods

! The overall capacity is essentially independent of r o, while a large

portion of it is proportional to length. Therefore, it is advan-

!

|

n shield, is restricted to.

overall vo.ume requir_en

I It is a :tu_lly averag_ pc

I is nece _sary to relat_ in

the scan. For the scanmode under consideration:

I It is assumed that mass is scanned linearly with time.
_'o" C_)_ _ _'o

_: Kf __c_/S _c_
I ,_:(M/,), / ._i_ :

In the Martian application, tn,

tageous from the power standpoint to minimize length, but this can

only be done by sacrificing performance. The principle factor

limiting Q is the size of the volume which the coil, along with its

For this reason, it is likely that the

overall volume requirement may be pushed to the limit.

It is actually average power which is important and therefore, it

is necessary to relate instantaneous power to average power over

the mass range is 12 to 50:

I..S'7 P_,I_

(57)

(58)

(59)

(60)

n

!

By the use of these equations, it is now possible to relate power

to the other design parameters.

Once the diameter of the quadrupole rods has been determined, it

n

u

is interesting to see what the relationship between the remaining

variable is. This is shown in Figure 4.17 in which an ro values of
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0.i00 and 0.200 inches has been assumed. Plotted on plane of voltage

vs. frequency are lines of constant mass and lines of constant PQ/C.

A frequency scan corresponds to moving horizontally on this diagram.

As the scan progresses from mass 12 to mass 50, PQ/C decreases°

This is true because C is increasing faster than power.

!

!
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4.20

4.21

ION SOURCE

Since the ion current delivered to the detector carries the desired

analytical information, the magnitude of this current to a large

extent controls the noise content of the information. The ion source

plays a key part in producing the maximum ion current for trans-

mission to the detector and for this reason should receive a major

emphasis in the design.

Not only is it necessary that the ion source be matched to the quad-

rupole analyzer in the size of the source exit aperture (re) , the

half-angle (C_-), the injection energy (qVI ), and the energy spread

of the ion beam (q_Vl) , but it also controls the ionization pro-

cess, which is an independent variable to be optimized, and partially

controls gas flow and thus pressure, a second independent variable.

The approach taken in this section is to: i) discuss the ion

focusing system in relation to exit aperture and angle; 2) discuss

various types of ionization methods, and 3) establish an equation

relating the ion current emission to other parameters of the ion

source.

lon Focusing

Numerous references are available which discuss electron optics and

which are equally applicable to ion optics. While the theory of

particle motion through an arbitrary field is well established

mathematically, the solutions are seldom in closed form, nor appli-

cable to thick apertures. However, the chief difficulty is that

I
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there is little or no insight offered from available equations for

synthesis of a desired lens system. Until a method is available

for converting a selected particle motion to a set of fields and

hence, to a set of electrodes as a process of synthesis, the design

of ion and electron lenses will continue to be based upon experience

and iterative procedure.

The first step in establishing a lens design is the determination

of the desired optical properties based upon geometric light optics

as applied to thin lenses. From these rays, the general form of

ion motion can be interpreted. While in mass spectrometry an object-

image relationship is not necessary in focusing ions from the source,

an understanding of the ion distribution at the final slit and also

as a function of angle is very useful for the proper design.

Figures 4.21 and 4.22 show several useful types of ray patterns

based on light optics. The object (0) is considered to be a thin

source of ions passing through thin lenses at HI, H2, etc., to an

aperture (A). In some cases, an image I is formed. Ions with

initial energy transverse to the direction of ion flow create

aberrations which are shown as rays divergent from central rays at

the origin. These rays are arbitrarily labeled + and - to clarify

their path through the lens. Ions formed with initial energy along

the direction of ion flow create the equivalent of chromatic aber-

ration, however, this is generally not a serious aberration in the

source and thus is not considered here.
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In order to convert from the true ion path to the optical equivalent,

Figure 4.21(a) shows the ion paths (i) formed with transverse energy

(qVr) in a field E 1, following parabolic paths _ = _ _i/_j) s/_"

and reaching the plane HI with an angle --CJ_,'/_J'f-. = (V_/_ I "_,.._.is_'_'.

These have an apparent origin at Z o = 2Z I following paths (O). While,

in general, this example cannot be easily extended beyond the first

aperture and the uniform field, some insight is gained into the trans-

formation necessary for use of a light-optic analogy. It is not

always possible (or in some cases desirable) to have a uniform field

I

I
I

I
!

I

I"
I

I

I

in the ionizing region since in the general case, the field is curved

due to electron and ion space charge and leakage field from other

lenses. However, for the purposes here it is an adequate represen-

tation.

Reference to Figure 4.21(b) shows a single, weak, positive lens,

focusing parallel rays to a point at the focal distance, f. The

angle of emission is thus, _ =_,_--/ _O/_ (i)

a function of the initial position. The distribution of density

over the aperture is dependent upon the magnitude of the initial

ion energy transverse to the axis of the lens. In a typical situa-

tion, the gas is in thermal equilibrium with the walls of the ion

chamber thus having, from the Maxwell-Boltzmann distribution law,

a radial distribution function:*

* Note: For the case of a circular aperture discussed here, dis-

crimination against thermal energies must be considered for two

independent X and Y. initial motions of the molecule. Thus, the

radial distribution function is the product of the two distribution

functions, however, normalized by integration over radial velocities

from 0 to_, rather than from-_to_in the orthogonal case.

4-31



I

I

!
where m is the molecular mass, k, Boltzmann constant, T, the absolute

temperature, and Vr, the radial velocity. In terms of initial

radial energy, qVr, this becomes:

I

I

(2)

From thin lens optical considerations, the image of this distribution

function appears at the final aperture with a radius

F --F CV,>=_(V,/V,.)'/_
where f is the focal length of the lens,

(3)

qVr, the initial radial energy, and

I qVc, the ion energy at the first aperture potential.

I

I
I

I

Since the size of this image is dependent upon initial gas tempera-

ture, we may label this the thermal image.

Washburn and Berry 7 have demonstrated the characteristic effects of

initial energies as well as thermal energy and Berry 8 has calculated

transmission through a slit system using the one dimensional dis-

tribution. He gives the change in transmission due to initial

energies as the forward accelerating voltage is scanned for a mag-

netic instrument or as the ion source temperature is changed. The

arguments he presents make it desirable to avoid using a thermal

image if the accelerating voltage is varied during a spectral scan

or if the ion source temperature is not controlled. In certain

I
special cases, a variation of ion source temperature will cause a

I
i

I

7 H. W. Washburn and C. E. Berry, Phys. Rev. 70, 559 (1946)

8 Clifford E. Berry, Phys. Rev. 78, 597 (1950)
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variation in the absolute level of ion current, but not change the

compositional analysis, This is discussed in Section 4.21.1. In

the situation where the ion beam passes from the strong field E2

into a field free region in leaving the final aperture, a defocusing

action takes place. This is indicated in Figure 4.21(c) where the

I
defocusing action is used to place the focus in the final aperture.

The example shown is for a field free region between an electrode

at the plane H 2 and the aperture at Ao The half angular divergence

through A is then the value C__as seen by the analyzer° It is

i noted that the effect of the final divergence is to magnify the

thermal image°

I In order to establish the form of the transmission function, let the

i initial radial be factor _ of the characteristic thermalenergy a

energy of _V _ _/_.._r-- such thatj/_ is equal to the radius
U r e of the final aperture° This allows energies less than

= (4)

tO be transmitted. If the ionizing region is illuminated to an ion

i "cathode" density of J+, current/unit area, and the area of the ion

n object is 7_'_ _" , then the ion current formed is 77--r_'_-_"

O and the source current emitted is:

I Substituting from (I)and (4), where _ =/_ 6_ and

I
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Since 77--_ _'_ is the area of the exit aperture and since V e is an

l established fraction, kl_ of the injection voltage when designed for

a focal distance of f,

I Stated as a transmission efficiency, _

l It would appear that by increasing Vl, the ion source efficiency

could be increased indefinitely. Such is not the case, however,

l since by the manner in which the problem was set up, the limit of

J

the integration _ could be increased in proportion to the applied

l voltage to maintain_ = r e. Thus, an increase in transmission will

l accrue due to an increase in the integration limit up to a plateau

which includes all thermally energetic particles. It can be shown

l that at small / ' this increase is pr°p°rti°nal t° VI½' c°nsidering

only a single direction of thermal motion or as V I for two directions

l of motion, as considered here.

l *Note: In a cylindrically symmetric system, the focal distance of

DO this type lens is given by f=_/_- _0 If the focus is at
the second aperture, then _! = _ where symbols are as

de fined previous ly. ( S" +_/_'I )

l

l
l

i|
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Equations (6) and (7) are the general form of a limiting condition

applied to any ion source focused on the thermal image. When upper

limits are placed upon A e and tan2_by effects in the analyzer,

then sensitivity can only be increased by an increase in VI up the

previously discussed limits or in J+. Brubaker 9 has shown that J+

is further limited by non-linearity with pressure when electron and

ion space charge reach limiting values. This is discussed further

in Section 4.22.1.

I

I
I

I
I
I

I
I
I

A similar limit on system efficiency exists when an ion source such

as shown in Figure 4.22(a) is used. In this case, a true ion optical

image of the "cathode" is obtained at the final aperture. In so

doing, the illumination of the aperture and hence the source trans-

mission, are independent of initial energies. As in the light-

optical sense, every point in the image corresponds to a point in

the object without regard for the direction of the initial ray

(within the limits of the lens boundary).

This type of ion source is used in a satellite mass spectrometer I0

for the purpose of focusing particles of high kinetic energy due to

satellite motion, without altering the reading of particle density.

The importance of this factor is that the spectrometer may be

calibrated in the laboratory using gases at low thermal energies

and yet be expected to read the correct densities in orbit.

9 W. M. Brubaker, J. App. Phys. 26, 1007 (1955)

i0 L. G. Hall, P. f. Howden, and T. F. lwasaki, ASTM, Comm. E-14, 27 June 1960

(unpublished)
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While the thermal image ion source has a constant exit angle and a

distributed exit aperture density, the opposite is characteristic

of the true imaging source since here the exit angle displays the

distribution function of initial energies. For this reason, it is

necessary that the analyzer accept and transmit angles up to the

desired value in the distribution.

The source exit angle is obtained by application of Abbe's sine

law. II This states that a ray emitted from an object at position

y, with an energy qV at the object plane, and with an angle 8 to the

lens axis, will reach the image plane at angle 8', if the energy is

qV' and the position y' at the image plane, by the following relation-

ship:

Cv)'_- _ _ =Cv') ''- .

This law applies for paraxial rays between object and image space

without regard for the intervening lens system. Since y'/y is the

magnification M,

__,= (_/_9 ''_ _._
f'_, (9)

With reference to Figure 4.21(a), we assume in the worst case that

particles with initial energy qVr emerge from the object at

O -- 7_/_ , reaching the image plane at half-angle 6_ = 8 /

Thus,

c.f. 0. Klemperer, Electron Optics, p.14, Cambridge University Press, 1953
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where qVI is the injection energy° The transmission function is

simply obtained as follows: If the object is illuminated at ion

current density 3+ , the density at the final aperture is J+' = J+/M 2,

and the emitted source current is

(n)

I dependent only upon J+. The object area from which this is drawn

is o = o = _ , which should encompass only the

central part of the available lens opening if good imaging properties

I
I
I

are to be obtained. If the transmission efficiency is given as

--+ 4-
=-_ _For,_e_/= A_ ,._-"-/4o "-_'"_"then the transmission effi-

ciency is i if =- _ is considered the available object

less by yo'+/yo 2, if Yo is the lens radius and considered to beor

the available object.

i

i

This argument tacitly assumes that the magnification may be reduced

without limit to obtain high source current where, in fact, sin20_

must increase in proportion to l+s for a given initial radial

i

energy. If the analyzer can only transmit angles up to some limiting

value 6_- , then the fraction of particles transmitted is

where _r t__ _ /_ z_A_.j_._moo If the analyzer does not limit

in any other manner, then the net transmission is,

!

V_-/

I
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4.21.1

Substituting for M 2 and letting V r' = _ 7 as in euqation (4),

v_ .,__.-,,-_ (v,)J V',.,_._

The similarity of (6) and (12) indicate that approximately equal

limitations are placed on system sensitivity whether a thermal image

or true image ion source is used.

It is noted that the lens action of Figure 4°22(a) is to image the

central ray of each bundle parallel to the axis. It is not necessary

to form parallel bundles in order to form an image, however, the

analysis of angles in the non-parallel case requires more detailed

knowledge of the lens system.

The lens of Figure 4.22_) is noteworthy in that this is a mode of

operation of two commonly used ion sources.* These sources may be

adjusted over a wide range of focal power to provide a tradeoff

between angle and intensity.

lon Lens Considerations for Use With the Quadrupole

In the previous section, the value of matching the ion source aper-

ture and the angle of injection to the quadrupole was discussed.

Several other unusual considerations pertain to matching the ion

source to this type of analyzer which can control the type of lens

used.

In some types of ion sources (c°f., Figure 4°22(b)), it is possible

to inject the ion beam with sufficient correlation of angle and

* Note: Both the lens system of A. O. Nier and the CEC Isatron operate

in the so-called focused mode to produce this lens action.
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position, that the beam appears to come from an object smaller than

the slit. In conventional systems, the analyzer can be focused on

the apparent object to produce a smaller image of the collectors and,

while a corresponding loss in intensity occurs, a higher resolution

can be obtained. The nature of the fields in the quadrupole, how-

ever, preclude the use of an apparent object to reduce the image

width. Ions emergent up to the full value of exit radius, re, are

captured by the fields and hence, the effective object radius is

always re .

With reference to the discussion of quadrupole variables, it is seen

that there is no electrical control in those euqations which can

make the effect of re smaller. Consequently, it is important to

carefully match this variable in the ion source and quadrupole if

the highest performance is to be obtained°

Paul further makes the exit aperture in the form of a nozzle extend-

ing along the axis of the quadrupole. While von Zahn 12 from his

work on a 6-meter instrument, believes that this nozzle may not be

necessary, a desirable control which we wish to apply is the biasing

of the final source aperture. We believe that in this case it may

be necessary to have a narrow snout to reduce leakage field into

the quadrupoleo Consequently, it becomes difficult to produce the

type of focusing shown in Figure 4.22(a) where other electrodes

cannot be placed close to the exit plate°

12 U. von Zahn, Private communication
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Consideration of sample flow dictates that the lens openings be held

as small as possible. Since the desired apertures for flow are

smaller than those indicated for producing the desired ion source

sensitivity, the lens opening should be long in the direction of ion

flow to reduce gas loss. This further restricts to weak lens action°

In the design of these apertures, grazing incidence of the ions

should also be avoided so that deposits within the aperture are not

formed.

I
I

I
I

I
I

I

I

I

I
I

As a consequence of these considerations, the focusing action shown

in Figure 4o21 becomes the more practical thus resulting in a thermal

image at the exit aperture. While nearly all ion sources are designed

and operated with the thermal image to obtain high sensitivity,

nevertheless, this mode poses questions on source voltage change and

temperature. Since frequency scanning of the quadrupole was chosen

to avoid scanning the source voltages, the only remaining question

is that of operation in environment of unknown temperature°

It appears that the conceivable gases of the Martian atmosphere

could be analyzed on the basis of the parent peak of the spectrum

where the only important initial energies would be due to trans-

lational velocity at ion chamber temperature. This effect would

cause all parent peaks to change in the same proportion with temper-

ature and thus, not necessitate temperature control of the ion

sources for measurement and composition. If a more accurate measure-

ment of density is needed to correlate with other measurements, then

a measurement of the temperature of the environment near the ion

source would suffice to make a correction of the data.
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4.22 Electron Bombardment Sources

The most co, non source of mass spectrometer ionization is by electron

bombardment. Figure 4.23 shows several configurations of ionizing

techniques which are potentially applicable to this problem.

Figure 4.23(a) shows a magnetically aligned electron beam. The

magnetic field, B, constrains the electrons to flow from the fila-

ment, f, through the electron aperture, a, and the ion chamber to

the anode, A. The field created between the repeller, R, and the

ion aperture is set to produce the optimum focusing in the lens

system and for operation of the spectrometer. A shield behind the

filament is biased negative with respect to the filament to prevent

flow of electrons in the opposite direction of the magnetic field

and also to provide some measure of focusing.

The advantages of the magnetically aligned beam are: i) the spacings

and source dimensions can be quite compact, thus providing a minimum

of volume in the ionizing region; 2) a high percentage of electrons

pass through the chamber (compared to total emission) without the

use of complex electron beam focusing electrodes; and 3) the ionizing

beam maintains a relatively stable position when ion source voltages

are scanned. The chief disadvantage is that the presence of the

magnetic field causes a small mass separation in the ion source

leading to mass discrimination. Only when the voltage, V, is scanned

to observe mass, m, by the relationship mV = const., is discrimina-

tion eliminated. This relationship is generally true only for a

magnetic deflection spectrometer.
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If magnetic fields are to be avoided for a non-magnetic instrument

or for other reasons, then several other types of electron bombard-

ment sources may be used. Figure 4.23(b) shows a parabolic trajec-

tory source using the same electrode elements as in the magnetic

source. If a parallel electron beam is injected at an angle of 45 °

through the repeller, the uniform ion accelerating field opposes

the electron flow, producing a parabolic trajectory. Parallel rays

at the same energy reach the same amplitude of motion in the trajec-

tory and thus, as shown in the inset, produce a one-dimensional,

first order focus of the beam. A thin region of ionization in the

direction of ion flow results.

When loss of sample gas or electron beam is more important than the

effect of sample reacting with the filament, then the filament may

be mounted within the ion chamber as shown in (c). The problem of

this mounting position is that gases may disassociate at the filament

surface leading to a distorted composition in the ionizing region.

Sample gas leakage can be minimized by using a dense, non-porous,

ceramic for spacing and mounting of anode and electrodes. Filament

leads may be sealed into a separate ceramic plate or into the

source spacer ring. It is believed, however, that containment of

the filament in the ionizing region should be avoided.

Another means of focusing the electron beam, which appears to be

new with this report, is shown in Figure 4.23(d). The repeller, R,

is made in the shape of a spherical dome, while the accelerator,

(Acc.), is a spherical cup. A parallel electron beam injected
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through the aperture, a, will then focus in two dimensions to (in

theory) a point over the ion aperture. Space charge must be con-

sidered, however, which will prevent such a high electron density,

and as Robinson 13 has shown, shift the focus along the electron

orbit in the direction of flow. This effect could be compensated

for by injecting the beam on a convergent path to produce the minimum

dimensions over the aperture.

In each of the non-magnetic systems, a more elaborate electron gun

than shown would be needed. Typically, a Pierce-type 14 electrode

system would be used to produce the parallel beam. If the filament

is placed outside the ionizing region, the electron gun design

becomes very important in obtaining the highest ionizing current

with a minimum of gas loss.

As is discussed in Section 5, a combination of an electron bombard-

ment ion source and a weak magnetic getter ion pump (which also

requires an electron beam) is an attractive possibility for saving

emitter power. Either of two methods could be used to utilize the

same electron beam. The beam passing through the ionizing region

could exit through an aperture in place of the anode and thus be

used in the ion pump. This, however, creates two openings in the

ion chamber causing excessive gas loss. A more efficient method

appears to be by use of emission from both sides of the filament.

13 C. F. Robinson, Rev. Sci. Instr. 2__0,745 (1949)

14
J. R. Pierce, Theory and Design of Electron Beams, D. Van Nostrand
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I Since in a Pierce-type gun, the emission from the back of the

I emitter returns to the emitter, this method would require a slight
increase in filament temperature, but without additional avenues for

I sample loss.

I Returning now to Figure 4.23(b), the field, El, required for opera-

tion of the trajectory source is given when the components of

I velocity in the +Z direction reaches zero due to the opposing field;

I _! = _ o (13)

I Since the velocity in the X direction is unchanged by the field,

the ionizing energy at the closest approach to the aperture is

I * _ = ,,-< - _-E,_o__ -__)

I :

I and _/ : _0/2..-- ....... (16)

I Also, for this angle of injection X_ =- i_ 0 and

IO AV_,,_ : _,_-./aoAs an example, if the desired ionizing voltage is _/' : _ ,

then the injection voltage, Vo, is 140 volts and EiZ_.oo= V i = 70 volts.

The size can be made any appropriate value to establish E 1 .
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I For example, if X o = 0.5 cm, Zo = 0.25 cm and E 1 = 70v/0.25 cm =

I 280v/cm. This is in a desirable range of field strength for the
ionizing region.

I In the spherical beam configuration, electrons are injected at

I equilibrium energyand are on a circular orbit when

--/'-o = _ e... =

I where ro = orbit radius, E o = orbit field, v e = electron velocity,

I and qV i the electron ionizing energy. Thus, assuming V i = 70 volts

on radius ro = 0.5 cm, then E o = 2 Vi/r o = 280v/cm.

I
4.22.1 Ionization Density of Electron Bombardment Sources

I The limits of ionization density depend upon the degree of non-

linearity of ion current vs pressure or electron current and upon

I the degree of ion-molecule collision which can be tolerated+

I Brubaker's calculations on space charge effects in an ion source

demonstrate how space-charge limited conditions may arise with

I excessive pressure or electron current. Since these calculations

are based upon an infinite sheet of charge however, it is difficult

I to connect these aberrations into conditions where a concentrated

I electron beam controls the attractive or repulsive field of the

_O charge.

In view of the complex conditions in typical ion sources, the only

accurate way to establish the degree of non-linearity for a given

ion source is by direct measurement under known conditions+ How-

ever, some indication of the operating conditions for linear
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operation may be obtained from published data 15, where the electron

!

!

currents, ionizing fields and size of the ionizing electron beam

are comparable to that desired here. From this data (R+H, Figure 2)

one obtains a field in the ionizing region of 330v/cm to 68v/cm in

scanning from m/e 12 to 58. From Figure 8, linearity is obtained

for CH 4 at m/e 16 up to 200 microamps at .05 microns Hg in the

!
source.

From Brubaker's results, we find that charge, dimensions, and poten-

tial may be increased or decreased providing these changes are made

i

!

in such a way as to hold all fields of the same relative strength.

This allows some latitude for variation even though it must be done

in a strict manner and from at least one known set of conditions.

I we may say that Z- = /_"-? _]

I
i

I

If we assume no dimensional changes are considered, from his work

where

!

(17)

and _ = _ _ { _.__._.__i_I/)''/_\ (18)

\m]

I- = ionizing electron current

E i = field in the ionizing region

n = molecular density

Q = molecular cross section

M = molecular weight of ions creating the space charge

K 1 and K 2 = constants relating to known conditions of

linearity with regard to I- and n respectively

i 15 C. F. Robinson and L. G. Hall, Rev. Sci° Instr., 2_/7,507, (1956)
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I These equations state, for instance, that if E i is changed from

I known conditions, I- must be changed in proportion and density by

Ei ½ in proportion to maintain ion and electron space charge effects

I constants. Thus, from cited conditions for CH 4 and using MY, units,

the constants are approximately,

I K I = 8.3 x 10 -9 amp meter/volt, and

i K 2 = 1.38 x 10 -5 (AMU volt-meter)

for linear characteristics, where Q is the total ionization for

I CH4, taken as 5.53 x 10-20(meter) 2.

I The number of ions formed in I meters of electron beam path is

given by:

I wherel- is the ionizing electron current, and the ionization

density is then

I j-._ z (20)

I where A o is the object area of the ioni ing region°

I Combining (17), (18), and (20),

0 for linear ion source operation.

Combining with (6), the emitted current is

I



I

! From these equations, the limiting linear current from the ion

I
I

I
I
I

I
I

I
I
I
I

I

4.23

source may be calculated, considering the conditions under which

the equations were developed. However, values for electron current

and molecular density will arise which can be limited by other

parameters of the system such as those imposed by the electron

emitter or by the pump. We believe, should it he found that other
0

variables do not limit electron current and density, that operation

is a non-linear region of the source characteristic would be possible

by proper calibration.

Aipha Bombardment Source

Alpha bombardment appears to be an attractive ionization method

for several reasons; the most important being, in this case, the

saving in weight, complexity, and power over conventional electron

bombardment techniques. In addition to these, however, an ion

source without electron apertures may be more tightly enclosed,

thereby increasing the differential pumping between source and

analyzer and secondly, the spectra 16 may be somewhat simplified.

While the cross-section for ionization by alpha particles is approx-

imately one-half that by electrons, the number of disintegration

which may be concentrated in the desired volume is quite small.

To some degree this loss can be recovered by use of a higher

pressure. The limiting condition then becomes one of ion-molecule

collisions giving rise to combination peaks in the spectra. These

I 16 C. E. Melton and P. S. Randolph, J. of Chem. Phys. 30, 847 (1959)
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are undesirable, both from the greater analytical complexity and the

additional informationto be transmitted.

Reduction in the volume of information could be gained by selection

of peaks, _owever, this appears to be presumptive in view of the

unknown composition of the Martian atmosphere. Therefore, we assume

that these spurious peaks should be kept below the level of the

smallest constituent to be measured; i.e., less than 10 -3 of the

major peaks.

I
I

I

I

I

I

,,o
I

I

I

The fact that this requirement is normally difficult is indicated

in the results of Field, et a117, where, in a cycloidal mass spec-

trometer, they obtain (ref. 17, Figure 3) in the order of 2 x 10 -3

CH5 + ions from CH 4 at ion source field strengths of 100v/cm, dropping

to 10 -3 at field strengths of 200v/cm. The field strength in this

case appears to control the reaction time of the ion in the source°

The indicated density in the ion source for these tests was n = 3.75

x 1013 molecules or approximately 1.8 microns at 200°C. In order to

avoid spurious combination peaks, therefore, the ion source density

should remain below approximately 2 x I013/cc, dependent upon field

strength and molecular species.

The effect upon the spectra of various hydrocarbons 16' 18, using

5.1MEV Alpha particles, indicate that fragmentation of the molecule

is reduced in comparison to electron bombardment and thus, the spectra

simplified.

17 F. H. Field, J. L. Franklin, and F. W. Lampe, J. Am. Chem. Soc. 79, 2419 (1957)

18
P. S. Rudolph and C. E. Melton, J. of Physo Chem. 63, 916 (1959)
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The effect upon the spectra of the fixed gases is not known. However,

it would be expected that they would tend to respond in a similar

manner.

I 4.23.1 Ionization Density of Alpha Bombardment Sources

Using early data on the passage of alphas through air, approximately

I a constant 4000 ions/alpha/cm of path length/760 mmRg are produced

I if the alpha has an energy greater than I MEV. From this, we com-
pute a cross-section of _ _ 1.5 x 1020 meter 2. By comparison

I with the mass spectrometer data of Melton 16 where he obtains

4 x 10 -16 amps of C2H2+ from acetylene for 2 x 106 disintegrations/

I sec at a pressure of 2 x 10-4mm, this cross-section appears to be

in rough agreement if we assume Meiton's data refers to the ion

I current formed in the source.

I The number of ions formed in the source per sec. is

where N °_ is the alpha flux per sec., _ the path length, and n, the

i molecular density or t.he formed current is

I
i where q is the charge per ion.

@ Since the ions formed are dispersed throughout the ionizing region,

a high field or specially shaped electrode system would be requiredo

I

m.

As a result of the increased volume from which ions must be drawn,

the number lying within given increments of volume, angle, and

energy would he expected to be smaller. If we assume a fraction k I
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of the volume lying over the object area Ao, is utilized, the useful

current formed is

.re _ /<.' A o/A_., d_)_.. _ A/Z, _ (26)

where A is the area through which the alpha flux travels; or the

ion "cathode" density is

R. Baldock of Oak Ridge National Laboratory has indicated 19 that the

level of alpha flux could possibly be increased by three orders of

magnitude without creating problems in handling. This capability

is dependent upon methods for coating polonium to prevent high

surface migration effects of this material. These methods are now

under investigation at ORNL. Limitations would eventually be

reached due to self absorption of the alphas in the emitting

material and coating.

Considering the factors discussed, if we let

kI = 0.I, Ao/A = 0.I

Q = 1.5 x 10-20m 2, N = 2 x 109 disintegrations/sec

_ = .01 m and n = 3.5 x 1019 molec/m 3 (I _ Hg at O°C)

and assume singly charged particles, then

I=+ = 1.7 x 10 -14 a

If we further estimate a transmission efficiency of 10%, we would

have a collected current of 1.7 x 10 "15 a.

For a dynamic range of 104, this implies measurement of current
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in the approximate range of 2 x 10 -15 a to 10 -19 a. With 6 x 1018

electronic charges/amp sec., the range is 1.2 x 104 ions/sec to

0.6 ions/sec. Since the dynamic range of 104 is selected to

encompass the largest peak and also to read a 0.1% component to 10%

accuracy, the smallest peak expected to be of significance would

have the order of 6 to 12 ions/sec. Using as a measure of accuracy,

= i/n½, where _-- is the standard deviation of n gaussian

distributed events, the accuracy may be considered to be approx-

imately 30% when I0 ions arrive during a one second reading.

This is certainly a best limiting case, since statistical variations

of the electrons in an electron multiplier, backgroundnoise, the

confidence limit required for this reading and other variables are

not considered. _owever, in view of the large number of assumptions

and a possible discrepancy in cross-section, the values calculated

could be in error by two orders of magnitude. Such factors as a

special ion source, the increase in pressure that could be tolerated,

the practical aspects of using alpha emitting materials as well as

the realizable increase in intensity can only be obtained experi-

mentally.

|

i

We believe, because of the advantages of this ionization method,

that further study should be conducted and that because of the com-

plicating factors, this should be on an experimental basis.
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4.30

4.31

COLLECTOR SYSTEM

The collection of the ions which are transmitted through the quad-

rupole filter presents some special problems which must be overcome.

These are stated below:

Collection Efficiency and Harmonics

It has been previously stated that one of the requirements of the

quadrupole system was that flat-topped peaks were obtained and that

this was dependent upon 100% transmission efficiency of the quad-

rupoleo It is clear that the same requirement must also hold for

the collection system. That is, if flat-topped peaks are to be

produced, then a 100% efficient collector system must be employed.

The radial velocity and radius of an ion at the end of the rods

can take on a wide range of values, thereby making the job of col-

lection a difficult one°

It must also be pointed out that the frequencies of the major

oscillations in the X and Y directions are _.(/-A_and I/_A_ _

respectively. Consequently, only for the frequency condition

y_-/_ = i will these frequencies be the same. This thatmeans

at only one point on the stability diagram will the X and Y motions

cross the Z axis at the same time. At all other values of B_ and

, the period of oscillation will be different, thereby creating

a more severe condition for the collector to overcome. The worst

case occurs when /_ andy_ have values such that both the X and Y

motions have maxima at the collection point. It is also clear that

because frequency is being scanned over a slightly greater range
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than 2_i, all possible conditions will be presented to the collector°

If the collector is madetoo small, a mass peak will be chopped into

a series of peaks presenting a spectrum that looks very much like a

Fraunhofer diffraction pattern° In order to avoid this unsatisfac-

tory condition, it is necessary to make the collector as large as

possible, preferably slightly larger than the rod spacing diameter,

so that high angle ions will be collected°

Electrometer Input Capacity

A second problem at the collector is the effect of quadrupole rf

voltage on the electrometer input° Since the electrometer is by

nature a very sensitive instrument, even a few micromicrofarads of

capacitive coupling is enough to impair operation when a large a-c

signal is in the vicinity as is the case with the quadrupole voltage°

There are two techniques available for combatting this problem. They

are: i) reduce the capacity between the electrometer and the quad-

rupole rods, and 2) filter the input of the electrometer°

It has already been stated that the collector radius will have to

be large and that it will have to be close to the ends of the rods

if all of the ions are to be collected. At the same time, filtering

the input to the electrometer would greatly increase the leakage

resistance on the input, thereby slowing down the time response of

the amplifier° This cannot be tolerated if the specified rate of

scan is to be maintained.

Secondary Emission

Another problem which arises in collecting ions is that secondary
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4.34

4.35

electrons inevitably arise. If they are allowed to escape from the

collect_r, an erroneous current will be read. In conventional

systems, this problem is overcome by the use of a small aperture,

cage-type collector, or else a magnetic field is present which turns

the secondary electrons into tight orbits thus prohibiting their

escape. Because of the requirements of a large collector aperture,

and that magnetic fields are to be avoided if at all possible,

neither of these methods are available and others must be resorted

tOo

Adaptation of a Multiplier

It is very possible that in order to improve the sensitivity of the

detector system, an electron multiplier will have to be employed.

Should this happen, then a new requirement would be placed upon the

collector system. In order to have a non-discriminating system, and

in order to maintain overall accuracy, the ions must be directed

toward the first dynode of the multiplier with nearly uniform energy

and angle and this property must be maintained over the entire mass

range. These conditions cannot be met unless an intervening struc-

ture is placed between the end of the quadrupole rods and the first

dynode of the multiplier which imposes uniform conditions on the

ions.

Lens System

The only method which appeared to be useful in solving all of the

problems presented by a direct electrometer input or by a multiplier

input was the use of a post quadrupole lens system. The requirements
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on such a lens system are that it have a large initial aperture so

that ions with a large radius are accepted; it must have a strong

leakage field out into the quadrupole region so that ions with high

radial velocities are capture_; and the lens structure mus= be short

so that the overall length of the assembly does not become too great.

The lens which appeared to most nearly satisfy these conditions is

the three aperture unipotential lens, often called an einzel lenso

In this system, all of the electrodes are flat discs with relatively

close spacing so that length is minimized° The three electrodes

offered maKimum shielding of the electrometer° A high refractive

power (i.e., short focal length) is obtained when the central elec-

trode is operatedfa_'_negativ_This_is_ials_advmntageous,since it_is

c_mpa£_ble'_ith:_the_lazge_le_kige_ie1_ Be_aus_of_the_complex;

nature of the surrounding fields and the wide range of initial con-

ditions on the incoming ions, a detailed analysis of the lens system

was not entered into, and its characteristics were determined by

experiment° The actual design and experimental results are covered

in Section 6°30.

SAMPLE FLOW

For accurate analyses, the flow of unknown samples must be predic-

table throughout the mass spectrometer° The two most critical

areas for this requirement are the sample inlet leak and the pump

since in the remainder of the mass spectrometer, the flow is molec-

ular in nature°

4-56



4,41 Inlet Aperture

The conventional manner of accurate continuous sampling is to

first reduce the pressure by means of'a continuous viscous flow

pressure dividing system and second, at anappropriate pressure,

I take a small portion of the flow through a molecular leak into the

instrument. By holding temperatures constant, the quantity of each

II gas flowinglinto the mass spectrometer is in proportion to its
partial pressure in the original mixture° Since this method involves

relatively high flow rates and two separate pumping systems, it does

not appear to be a feasible approach°

In order to arrive at a solution having a single pumping system

maintaining a low pressure within the instrument, the sample must

be introduced directly from the atmosphere. Three possible flow

types present themselves in this flow range: viscous, non-critical;

viscous, critical; or molecular° As will be shown, a viscous, criti-

cal leak in the range of interest is non-existent since the flow is

essentially free-molecularo

Viscous, non-critical flow may be achieved through a single narrow

channel or through a multiplicity of channels such as in sintered

materials° The single channel is sufficient to define the charac-

teristicSo For isothermal flow in a long capillary channel, the

boundary layer almost immediately (in approximately 8 diameters)

fills the opening at the entrance and the resulting flow can be

expressed as_ _7 = _7--_ _/__ ___" _ _ _ _/P'_-c'_(l) 4 57



!l

I

I

I

I
I

where: Qm = mass flow (grams/sec.)

M = molecular weight of the gas

R = 8.31 x 107 ergs/°K/mole

T ffitemperature (°K)

a = radius of the capillary (cm)

PI = entrance pressure (dynes/cm 2)

P2 = exit pressure (dynes/cm 2)

I
I

I

= viscosity of mixture (poise)

= capillary length (cm)

A = capillary cross section (cm 2)

I

For the problem at hand PI>_ P 2 and thus P2 is neglected. This also

neglects the nature of flow at the exit where in some cases the vel-

ocity is equal to the speed of sound thereby causing a series of

expanding and contracting shock waves to dissipate the remaining

energy of flow. We may further simplify to energy flow in ergs/sec.

I

I

by multiplying both sides by (RT/M). This is then in terms of pres-

sure times conductance, or:

- (2)

First it is observed that the quantity of flow increases as the

square of the external pressure. Since internal pressure is pro-

portional to flow for a constant pump speed it is seen that a wider

dynamic range would be required for this Pin = P 2 relation than
ex

for a linear pressure increase. The second adverse factor is that

the internal sample is a function of the viscosity of the mixture.

The viscosity of the mixture is a complicated empirical relation
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depending upon the relative amounts of the various constituents,

I and it also varies empirically with temperature.

I 4.41.2 Molecular Flow

It is apparent that if molecular flow could be achieved directly

I from the atmosphere, the inlet flow problem would reduce to only a

I temperature measurement. The number of molecules passing through

an aperture A cm2 per unit time is

I _/_ - h; ;i Ai.,. _.fCVl.13j/ECo_). _ (3)

I where n is the density in molecules/cc,

subscript i refers to inlet, and

I _ =C_/_is the mean molecular speed in cm/sec.

If this flow takes place directly into the ionizing region of the

I mass spectrometer and the flow out of the source is molecular, then

4 4

I or the source density

I As " '"
Thus if the mass spectrometer is accurately calibrated as a function

I of density, the density of each species in the atmosphere is known

by a knowledge of the temperature ratio T2/T s.

I In order to determine the requisites of molecular flow we express

I the Knudsen flow equation I of conductance

-- kl_8 #II../ k " " "m L. ,,I\i÷ 1.2,4 J ., (6)

I Any text on "Kinetic Theory of Gases" such as L. B. Loeb, McGraw HillI;[f2;5 ff (1934). 4-59



as is nocmally done by

i +OC- e +b ;+f#

I
(7)

If L is considered to be an increment of length4 L and since the

I

I

flow q is given as Q = C_P, then

C '*=P '_ Z_P

may be integrated2to provide

(8)

Ii d.F___P" P_7P'
f .....F=

I L ..JPa
where PI is the entrance pressure and P2 the exit pressure. This

I equation covers viscous (non-turbulent) and molecular flow over wide

ranges of pressure, channel length and diameter. We may simplify

I this equation in our case since P2_< PI by letting the lower inte-

i gration limit P2 = 0.

!

I
I
I By manipulation .(3) becomes

From the nature of the original equation the coefficient (a) repre-

sents viscous conductance while the coefficient (b) represents con-

ductance in the molecular flow region and (c) and (f) are coeffic-

ients effective in the transistor region between viscous and molec-

ular flow.

I

I

-/

_c f., Guthrle and Waker]_n£ Vacuum Equipment and Technique, p. 191, McGraw

Hi!I (!91,9) and Ocher[ and Steckelmacher, Brit J App. Phys 2, 332 (1951)
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m
or since the following are related numerically: a = .029 bf

m and c/f = .807; then

I _'_L: .o_'_b,:p_÷bPgo_.,.L._ c,._'%_J _'_'"c,*_P_j"/ _>

m Factoring bP_and letting f P = x and bP = y

m w rx=_ C_)', # _# (dimensionless) (13)

I f,_ -rr_r \_ O_ _' er s'sec.

m and y = bP = _-L _ ) _ g ! (14)

in c.g.s, units.

m As x-._0, I_ _l_'X) _ i, and QL =y which is equivalent to the

X

m molecular flow equation

Since, within the brackets of equation (12) we have a function of

m viscosity and pressure which approaches the value i at low pressure,

m thus we may plot the deviation from molecular flow as a function of

x = fP. This is shown in Figure 4.41.

m From this characteristic we may then calculate the inlet apertures

m required for molecular flow. Using air at 105 microns Hg at 0°C

the aperture length in microns is plotted against aperture diameter

m in microns with flow in micron - cc/sec, as a parameter in Figures

A.42 and 4.43.

m
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I
4.42 Differential Pumping

The basic flow system which is under consideration is shown in Fig-

I
I

I
le

ure 4.44.

,

EXT£RW.'_L IoN
_Rc£

_"' Sp

Aw4M&£R

P0 = outside pressure

Ps = source pressure

Pp = pump and analyzer
pressure

Sp = pump speed
C i = inlet conductance

C s = source conductance

For this analysis steady state conditions shall be assumed along

I with a single component sample, and molecular flow at all apertures.

There are three flow equations governing this system:

I

(16)

(17)

(18)

We shall assume that the atmospheric pressure is constant at its

surface value. This will place the most severe conditions on the

pump system. Then we make use of the molecular flow relation:

G'-P,c; ,,.,-c94,,, _h,,-,.._o>>p=
I Substituting this into equations (16) and (18):

_=CP_-P_) c,, ,,,- =:/,--,°

(19)

(20)

(_- Pp Sp _-CC//$_ (21)

One of the primary considerations in the design of an ion source for

this particular application is that of high differential pumping.

I
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I

This implies that the pressure in the ionizing region is high com-

pared to the pressure in the analyzer and the pump. It is not neces-

sary to maintain the entire source at this elevated pressure. In

fact it is _est to confine this volume to its minimum value which

is the ionizing region. The reasons for this are:

I) The minimizing of the surface area of the ionizing region

in conjunction with the differential pumping reduces the

effect of surface interactions on the background spectrum

and at the same time reduces the magnitude of this spectrum.

2) The second important feature of this configuration arises

from the relativelypoor pumping of inert gases (notably

argon). In the pump and analyzer sections the background

will become extremely distorted due to the build up of argon

but this effect is minimized by the differential pumping of

the source.

3) A by product of the differential pumping is improved source

sensitivity for a given pump pressure. This improved sensi-

tivity is traded off against the impaired sensitivity due

to the necessary restriction of the ion beam. However, this

restriction would be forced to a large extent anyway by the

small size of r0 and the ratio r0/r e requirements for a 100%

transmission efficiency. In other words although source

sensitivity could in theory be increased by making the exit

aperture larger, a real improvement cannot be obtained be-

cause those ions entering the analyzer at larger radius can-

not be accepted.
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4) Another reason for minimizing the volume of the ionizing

region is to improve the time constant of the sample flow

system.

The effects of differential pumping can be investigated by defining

the following ratio as a fundamental quantity of interest:
.°

D = Ps/pp (22)

This quantity can then be substituted into the previous flow equa-

tions. A question arises as to which pressure, P or P should
s p

be substituted for. If P is removed from the equations then the
s

limitations on the pumping system can be investigated. If Pp is

removed, the limitations in_osed by source sensitivity can be in-

vestigated. Let the first of these alternatives be followed. The

'following equations result:

Q = PpCs(D-I)/_zcc/sec. (23)

D = I + Sp/C s (24)

Equation 24 is the fundamental relationship which determines the

value of differential pumping. If a few typical values of Sp and

C s are assumed the approximate range of D can be determined. The

conductance of the source is determined by three apertures=

I) Ion beam exit

2) Electron beam entrance

3) Electron beam exit

It is immediately clear that there are practical limitations to the

conductances of these apertures based on the necessity that they
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transmit a certain amount of current° In the case of the electron

beam, space charge repulsion limits the size of the cross section

to a significant value. In the case of the ion beam, practical

limitations on the focal properties of the lens system require a

significant cross section. The net result is that an extremely low

source conductance cannot be obtained. It had been previously

thought that the_:same electron beam_could be used for both the ion

source and ion pump operations, however, this would require an elec-

tron beam exit, further increasing the source conductance. It was

therefore decided to use separate electron beams but obtain them

from the same filament. In this way the beam can be collected by

an anode structure at source pressure. The filament itself, must

be in a pumped region of the flow system because of the chemical

reactions at the elevated temperature and their affects on the sam-

ple analysis.

Based on the calculations of the ion source design it appears that

the ion exit aperture can be reduced to about 2 cc/sec, or less.
i

So far as the electron beam entrance aperture is concerned it is

not presently known what the limiting value of conductance will be.

It will depend upon the effort which goes into the electron gun

design and the emission efficiency which must be maintained.

Let it be assumed that a 100_a electron beam is used which has been

accelerated through 140v. The perveance of this beam would be about

6 x 10 -8 m.k.s, units which is not very high considering values of

2 x 10 -6 have been attained. This value therefore appears reasonable.
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Then if the minimum radius of the beam is Y0 at an axial distance

of 40Y0, the beam radius is 1.7y 0. Therefore the problem involves

the original focus. This problem has not been thoroughly investi-

gated.

The ion source which was tested had a total source conductance of

about 35 cc/sec, which gives a differential pumping factor of about

4.3 for a pump speed of 150 cc/sec. For the same pump speed a

conductance of 7.5 cc/sec, is needed if a differential pumping fac-

tor of 20 is to be obtained. This value can be attained by using

a electron beam entrace aperture 0. i00 _ x 0.030 _ x 0.010 n. Careful

electron gun design might well make this a reasonable value. The

result is that a D _ 20 is probably possible with a 150 cc/sec.

From equation (23) it is seen that for D = 20

Then P
P

Q = 19P c _cc/sec.
ps

max = I x i0-2_ implies

Qmax = 1.42 _cc/sec. at maximum external pressure.

It appears that this value should be held as closely as possible so

that the overall system sensitivity is high enough. There does not

appear to be any great difficulties in the flow system provided that

the pump is good enough. This will be considered in the next section

on pumping.

Let us examine briefly the sample distortion problem.
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Let P0 = Pa0 + Pi0 a = active

Then

i = inactive

Q _ (PaO + Pio)Ci = PapSa + PipSi

Qa = PaOCi = PapSa

Qi = PioCi = PipSi

I10

l

I
l
l

I
l

I
N°

Then

l

I
l

Let D a = 20 and Si = 0.08

Sa

Sa = 150 cc/sec. C s = 7.5 cc/sec°

Pas = 0.65 Pa0

Pis Pio

(25)

(26)

(27)

(28)

This is a substantial improvement over a source with no differential

pumping which would have a value of: Pas/Pis = 0.08 Pa0/Pi0. How-

ever, it is clear that this distortion would have to be calibrated.

If a triode type pump were used the distortion would be considerably

less as can readily be calculated.
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4.50

4.51

PUMPING

The general boundary conditions of this problem dictate that the

I

I

only practical method for maintaining a working pressure in the mass

spectrometer is by using some type of getter-ion pump. There are

three important mechanisms at work in such a pump which combine to

give effective results:

ao Active gases are pumped by the gettering action of the metal

I
I
I

surfaces. These surfaces are conventionally of titanium. At

20°C, the sorption rate of such a surface ranges from 3 liters/

sec/cm 2 for N 2 to 12 liters/sec/cm 2 for CO with other values

within this range for other active gases. Under varying con-

ditions of temperature and gas composition, the effective

i

il

I

b°

gettering action will, of course, vary and, therefore, larger

surface areas are needed than indicated by these numbers.

Gas molecules are ionized by electron bombardment and are

thereby pumped. This is the mechanism by which the chemically

inactive gases are pumped. Consequently, if the background of

I
I

i

inactive gases is to remain nearly constant, relative to that

of the active gases, it is necessary to ionize the inert gases

at a rate which will compare favbrably with the rate at which active

gases are being adsorbed. The active gases are also pumped by

the ionization process and therefore the following equations

apply:
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| dP:--_-- s_ P_ -- _. -"

I where

Pi =, inactive gas pressure in pump

I Pa = active gas pressure in pump

I V = pump volume

Sg = getter pumping

I Si = ionization pumping speed

C = conductance into pump cavity

I Pio = constant external inactive gas pressure

I Pao = constant external active gas pressure

Q = gas flow

I Solving these equations and setting t = _ gives the stable

I values of Pi and Pa as:

I SS_ +C SL .v-C (3)

then,

I It is seen from this that in order to keep the ratio Pa

I nearly the same as Pao , it is necessary to have: PiPio

S ;. ÷ C _> Sw? (5)

I If we assume that this implies:

l

then using the general flow equation:
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1
Pp = pump pressure

, it is seen that

and the assumption is seen to he correct. Then,

I • ,,.c_J_,° ...

I

1

1

1

I

1

I

I

I

I

I

C®

(7)

(8)

(9)

The result of this is that ion pumping must be the most

important agent in the pump if the sample is to remain undis-

torted. This situation is also aided by differential pumping

of the source; however, it appears that the desired ratio of

differential pumping may not be achievable and hence, the burden

of the sample distortion problem is thrown back on the ion pump.

The ionization of a gas molecule does no guarantee that it will

be pumped. By some mechanism it must be bound to the surface

and remain there. In the case of an active gas, this mechanism

is the weak adsorption bond° The pumping speed of this

mechanism has already been briefly discussed; however, the

capacity of this pumping mechanism must also be considered.

The capacity of titanium for N 2 is about 0.05 micro-liters/cm 2.

At a pressure of 5 x 10-bmm and assuming the sorption rate of a

clean surface, it would take about 0.3 seconds to completely

saturate the titanium. This value may be inaccurate since the

exact conditions for which it pertains are not known. There-
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fore, sputtering must be relied upon to continuously lay

downa fresh coat of titanium on the cathode° Sputtering of

titanium is obtained by allowing ions to impinge upon a titanium
surface. The orientation of this surface, with respect to the

cathode, is of extreme importance and will be discussed shortly.

The method by which the inactive gases are pumpedis also depend-

ent upon sputtering but for a different reason. Inactive gases

are pumpedby being buried by a new layer of sputtered titanium°

The impinging ion_ penetrate the cathode surface to a depth of
of about two molecular layers (the exact depth depending upon

I the impact velocity), and they must be covered over to a greater

depth at some rate such that an appreciable number of them

cannot diffuse to the surface° The diffusion rates of inert

gases in titanium are not precisely known and therefore, it is

difficult to set the necessary sputtering rate. The depositing

ion rate, as a function of ion current, is found below:

Atomic volume of Ti = 10.6 cc/gm ato wt.

Therefore,

, _ .o6 :C. atoms�co
Taking the two-thirds power:

1.48 x i0 I_ atoms
cmZ-layer from which it is easily found:

1
A _m= A

A = area in cm2

I+ = ion current microamps

r = sputtering factor = sputtered atoms
ion

(lO)
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This equation can now be applied to find the ratio of ion

current to pressure°

I The saturation time is inversely proportional to pressure:

1 7-_ - _/p_

P_ = pressure in microns

I In order to maintain a clean surface,

(11)

(12)

I where the value of k 2 is not exactly known° Combining these

equations with the earlier one yields_

: _-- (13)
I÷ A K3

K,K r

I By the proper choice of k 2 and k3, and _'which are not accur-

ately known, the value of I+/P can be brought into close

agreement on commercially availablewith those values obtained

getter-ion pumps, The values of these constants necessary to

achieve this agreement are conceivably within reason°' This

result was stated in terms of the theory behind the pumping of

active gases; however, the form of the last equation also holds

for the of inert in which makes effectivepumPing gases a system

use of sputtering° This fact is evidenced by the experimental

data which has been obtained on commercial pumps° It is true

that the exact method by which the gas is pumped is somewhat

different than in the case of active gases; however, the results

are the same°

I
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4.52

4.52.1

Each of the mechanisms which has been discussed is of importance in

achieving good overall pump characteristics and therefore, the

effectiveness of a pump must be considered in the light of these

factors.

Types of Getter Ion Pumps

Commercially available ion pumps are magnetic and therefore are not

too desirable for this application. Because magnetic pumps have

been proven, it is felt that they should be discussed° Three types

of non-magnetic or weak magnetic pumps were also investigated and

the results are stated below°

Magnetic

The two types of magnetic pumps which are available are a diode-type,

such as the Varion Vaclon pump and a triode-type such as the

Consolidated Vacuum Corporation Drivac pump. It has been pointed

out by Brubaker I that the triode-type ion pump is considerably more

effective in the pumping of inactive gases (notably argon). The

basic reason for this is that the pumping of inactive gases is much

more dependent upon the effective use of sputtering than is the

pumping of active gases. In a diode pump, the sputtering is extremely

ineffective because it is only obtained by the impinging of ions on

the cathode surface° This causes titanium to be sputtered back on

the surface from which it came. The result is that an inactive gas

i W. M. Brubaker, "A Method for Greatly Enhancing the Dumping Action of a

Penning Discharge"
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which has very weak adsorption bonds is re-evolved when this takes

place. Consequently, the gas is not effectively pumped.

In the case of a triode pump, the majority of the puttering occurs

at the grid and this material is deposited on the cathode surface,

burying the weakly bonded gases so that they cannot escape. The

relative effectiveness of these methods is attested to by the fact

that the advertised relative pumping speed of argon in a Vaclon pump

is 1% that of air, while the advertised value is about 33% of air

for the Drivaco

The appeal of the Vacl0n pump rests solely in the fact that there is

one commercially available which could conceivably be flown. Its

specifications areas follows:

Speed - 0.15 liters/sec

Weight - 0.42 pounds

Approx. size - 2 inches x 2 inches x i inch = 4 cubic inches

Current/pressure - approximately 3 x 103 microamps/micron

Power - 0.15 watts at 1.5 x 10 -5

Larger Vaclon pumps are available which obtain an advertised relative

pumping speed for argon of 8%. This is accomplished by special

machining of the cathode surface. Varian is willing to do this

machining on one of its 0.15 liter/sec pumps, so conceivably, a pump

could be readily obtained with the specifications given which has

a relative pumping speed for argon of 8%. While this is not nearly as

high as would be necessary to avoid appreciable sample distortion
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I
during the fall through the Martian atmosphere, it may be necessary

to accept such a solution.

I Referring to equation (4), it is seen that:

P_..=C,,:,)_ =,oe ':'=-,,
I P_:Coo.) P_o

The time constants of this stabilization are:

I ___ ._ _ ___
le

I pump and quadrupole, then

I - :
I

!

i

I

I

I

I

I

I

I

(14)

(15)

There are two time constant since the gases reach equilbrium inde-

pendently of each other° If a volume of I liter is assumed for the

(16)

These time constants are so short that sampling could not continue

for an appreciable time without severe problems of sample distortion

and pressure increase.

If a triode-type pump were used with a relative pumping speed of 30%

that of air, it is found that:

•P=6,o_ : 0,33 /:'_°. "_--_ : _ _,oo_a_
(17)

P_C.o) Pio "h' = lqs _:o.d_
The final pressure will, of course, be lower because of the higher

overall pumping speed. The triode pump appears to be only slightly

more efficient than the diode as far as the pumping of active gases

is concerned, but the fact that it pumps argon so much more effec-

tively makes it a more acceptable unit° At the present time, a

small triode pump is not commercially available, but there appears

to be no reason that one could not be constructed small enough to
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4°52°2

become flight hardware. Because of the slightly more complex struc-

ture, a 0.15 I/sec pump might be slightly larger than the Vaclon

pump of the same speed°

_The significant problem associated with either of these types is the

magnetic field which is used to maintain the electron orbits° The

field strength must be high in order to maintain a high space charge

saturation level which, in turn, means a high ratio of ion current

to electron current. Several methods were investigated for trapping

the electrons without the use of these high fields and are discussed

below.

Spherical Electrostatic Field Pump

The first pump considered has an essentially spherical geometry,

with the anode at the center and the electrons emitted near the

surface of the surrounding cathode° It is found that if the emitted

electrons have enough tangential velocity, they will orbit the anode

and, having orbited once, will continue to do so until a gas molecule

is struck°

There is one difficulty, however, in that being in an inverse square

field, any electron starting from a given point and orbiting the

anode will return to the same point, with the result that a collision

with the emitting structure may occur° An electron orbiting an anode

in cylindrical geometry, however, will follow an elliptical path

which precesses about the anode at a rate of 254 ° per orbit° This

suggests the possibility of using a basically spherical geometry
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with a slight eccentricity to obtain just enough precession so that

the electron does not return to the same point from which it was

emitted and yet without loss of the Z-axis constraint. (Z-axis

defined as perpendicular to the plane of intended orbiting.) Like-

wise, the orbits may pass above and below an emitter because of the

slightly aspherical field.

Figure 4o51 shows a conceptual design for the scheme just described°

One point of particular importance is the support of the centrally

located anode° This must be accomplished such that the essentially

spherical field is maintained° The proposed method makes use of a

central conductor for the anode lead which is covered with ceramic

insulation. A conductive coating is then deposited on the surface

of the insulator with a tapered thickness to obtain the I/r voltage

variation° This coating is then protected by a series of shields

so that change in conductivity due to sputtering of the cathode

material does not occur°

Thorough investigation of this proposed method revealed several

basic problems which appeared to be nearly insoluble. If a pre-

cessing elliptical orbit is relied upon to obtain a long path length,

it is not certain that the two conditions of enough precession to

miss the emitting point on the first orbit and yet not enough pre-

cession to cause the orbit to precess the full 360 ° and return too

quickly, can be simultaneously met. In addition, this scheme would

require highly eccentric orbits for best results and this causes

the average ion impact energy to be low for a given anode potential,
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4.52.3

thus reducing the efficiency of the pumping action. The restriction

of high eccentricity places a tight restriction on the range of

initial conditions which can be tolerated for stable orbits. This

means that a crude method of getting the electrons into orbit cannot

be relied upon. It was originally thought that the magnetic field

created by the filament current might, under the proper geometrical

conditions, act on the emitted electrons in such a way that sufficient

side energy would be obtained. Another method which was considered

was to place a small accelerating electrode near the filament to help

the electrons into orbit. In view of the strict requirements on

entrance angle, these schemes had to beabandoned. Nothing short

of an electron gun would be sufficient. Several orientations of

the gun were considered, but in no instance could the question of

ultimate return to the emitting point be resolved. Part of the

problem lies in the fact that calculation of the orbits for an

aspherical system out of the plane of symmetry is quite difficult.

This method was abandoned.

Cylindrical Electrostatic Pump

An idea for a cylindrical ion pump was conceived which appeared to

have promise. ,Part of its appeal was that sufficiently accurate

calculations could be carried out to determine if the efficiency

would be high enough. This pump consists of an appropriately shaped

rod (anode) inside a cylcindrical shell (cathode) closed at the ends

as shown in Figure 4.52(a). Electrons are emitted from a source as

shown. The electrons are directed at some minimum pitch angle
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min. with an angular spread A O_ above the principle plane which

is perpendicular to the central axis. The motion of the electron

in the principle plane is made circular by balancing the centrifugal

and electrostatic forces. These factors result in an electron

trajectory that spirals upward. In order for all electrons to get

past the source on the first orbit, it is necessary that _ min.

be greater than some value which depends on the size of the source.

In order to achieve the necessary efficiency, an electron path length

of I000 cm is desirable. If the pitch angle of the electron trajec-

tory is decreased after it passes the source, the path length will

be increased. This can be accomplished by a decelerating region in

which the axial component of velocity is decreased. In this region,

the central rod and outer shell radii are reduced. The deceleration

region is designed so that the axial velocity of the electron with

minimum initial axial velocity will be reduced to zero. The weak-

ness of this system is that only those electrons with one particular

axial velocity can achieve stable orbits. All electrons with a

greater initial axial velocity will still have a residual axial

velocity after passing through the decelerating region. This results

in lower average path lengths. Those electrons which continue to

spiral upward above the decelerating region will be reflected by the

curved end of the shell. The pitch angle after reflection will be

the same as before reflection, except for the reversal in the axial

component of velocity. The electrons then return to the end from

which they started and strike the surface.
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I
It is clear that in this type of pump, the electrons have a geometry

limited path length as previously discussed.

I The detailed calculations are given below° Refer to Figure 4.53 for

definitions of parameters.

1 Er - _v

In equilibrium:

•nW9 _: eE_ =

le "
from which,

V'oL'r'_
mmmummmmm"

_araa (18)

1 _ - _ K,
! -- Yn.

I

_e= orbital velocity (19)

(20)

Note that this equation is independent of radius.

I

I

I

I
I

I

I

I

= initial kinetic energy

(21)

then, Ve : _ CO_ O_
= tangential velocity (22)

which results in:

V'o -_" K,
- Co.Sa_ (23)

which fixes the initial conditions in terms of _ ,AV. , and

The Z component of velocity in region i is given by:

_n

When the electrons pass through the decelerating region, they reach

a new axial velocity V_ :

. (25)
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Where it has been assumed that Ez is constant over the distance ZI°

The limiting condition which is desired is Vz2 = 0, which implies:

I >n Va_,

_ (26)

Only an approximate value of Z I is needed to determine if it is

short, compared with the total maximum allowable length of the pump.

In llne with this, an approximate expression for Ez is used:

K,

(27)

where it will be assumed for the moment that KI and Ve remain

constant°

Substitution for E z and Vzl yield:

S lN _ (28)

As an example, let:

r e = 0.5 cm

= 30 °

tan 2 = 0o 335

L = 3 inches

ZI/L = 0° I0

This implies :

= 6.3 °

It is evident that the values of ra2 and rc2 are not much different

than ral and re2. Consequently, no particular problems appear to

present themselves so far as geometry is concerned°
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In region 2 the new equilbrium radius will be:

'_'ea -" _' -"_'I i_ p'=, /%W_t (29)

This result was obtained by use of the principle of conservation of

angular momentum which must hold in a cylindrical system. Since

the ratio rc2/ra2 is very nearly the same as rcl/ral, it is implied

that re2 _ re r. This implies that the orbiting electrons will be

relatively closer to the cathode in region 2 than in region i. The

result is a relatively lower ion impact energy which is undesirable

since sputtering is reduced.

Investigation of the effect of angular spread of the electron beam

was carried out by finding the average ratio of path length/axial

length as a function of total angular spread. The results are shown

in Figure 4°54. These results are for the pump geometry of

Figure 4.52(a) o A pump with a 3-inch length would have a somewhat

shorter effective length (approximately 2 inches) by which to multiply

the D/Z ratio° This is due to the ineffectiveness of regions i and 2

and the reflecting region of the pump. It can be concluded that only

a very narrow beam spread can be tolerated if a I000 cm path length

is to be achieved. Such a narrow spread would be unattainable in

actual practice.

A modification of this design was also considered. This was to convert

the pump into a double-ended geometry as shown in Figure 4.52(b). In

this system, the average path length is not only dependent upon O_

and _- but also upon the probability of an electron getting past
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the electron gun on its return trip.

This probability is easily computed to be:

_ V'e, -- I
llllll

where:

p = transmission probability

re = equilibrium radius

_ = length emitting structureof

h = height of emitting structure

= pitch angle

(30)

This relation is plotted in Figure 4°56 for two values of h and I.

If p = 0.5, the double-ended gun is exactly equivalent to the single-

ended pump of the same dimensions and pitch angle _ It is seen

that the higher the value of _( , the higher is the probability

of transmission past the emitting structure. This requirement is

opposed to the requirement of low pitch angle for long path length°

It is then expected that there will be an optimum pitch angle. This

is borne out in Figure 4.55° An angular spread of 10% because it was

felt that for the small emitting structures which are under consid-

eration, a lower value of _ could not be obtained. It is seen

from the graph that the maximum value of path length is about 200 cm.

Again, a 1-inch effective value for L is assumed° This is not as

high as would be desirable°

Space charge effects have not been taken into account in this analysis.

In actual operation, a sheath of space charge would exist about a
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radius re . This would result in space charge saturation of the

pump volume. The density of this saturation would be extremely low

because there is no Z axis constraint to keep the electrons away

from the emitting source. Consequently, it was felt that space

charge analysis would not be fruitful and thedecision to abandon

this design was based upon the analysis presented.

Weak Magnetic Pump

Another new pump which was conceived and studied was a weak magnetic

field pump. As was stated earlier, the primary problem with a

spherical electrostatic pump is attempting to get electrons into

stable orbits which do not return to the emitting point. Since it

is the electrostatic field which provides the actual constraining

force, it was felt that the B field necessary to flip the orbits

would be considerably less than that necessary for constraining the

electrons as used in conventional ion pumps. (Conventional pumps

employ magnets which have been charged to the highest possible value°

This is in the neighborhood of 3500 gauss.)

The principle of operation is shown schematically in Figure 4D57.

An electron in an orbit with a pitch angle _ will feel a force

due to the magnetic field which tends to decrease the angle

When the orbit aligns itself perpendicular to the B field, there is

no longer any force acting to rotate the orbit out of this plane.

Provided that this is a damped system, the electron should remain

rotating in this new plane. The force exerted by the B field should

be much less than the electrostatic forces so that the distortion

of the path set up by the balance of the electrostatic forces is small.
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The forces present in this system are

|

y..a. ,?._.

I VA = anode voltage

i E r = electrostatic central force field

Fh : -._.vx B

= geometry factor

I O where .d_

In order to set up the equations of motion,!

!
coordinates system be used as shown below:

let a spherical

!

II

II
II
II

II

II
II

I

II

(31)

(32)
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The equations of motion in spherical coordinates are written:

I

le

Fo: m(;e÷+ r,+-,,,"+" s'.,,,..,c=.)
(34)

(35)

In order to express FB, it is necessary to write the velocity in

i component form:

I Since

I

(36)

is positive as shown in the sketch, it is necessary to

have B pointing in the negative Z direction if a stable orbit in the

X-Y plane is to be achieved. Then:

The equations of motion may then be put in their final form:

I
I

!l

I

(37)

(38)

-,,+'c'_ +.e_..+,,+,]
(39)

C__ ) (_' ,, ,. o)

(4O)
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These equations would be rather difficult to solve as they stand

and therefore, if any use is to come out of them, they will have to

I
I

I

Io

be simplified. Let us restrict the range of solution to values of

near 90°; that is, the orbit is nearly perpendicular to the

t

magnetic field.

s_ e

Co_
I

Let be defined such that

I

At the same time, let it be assumed that:

I

I t

e = qo'-_' then:

(41)

# = O (42)

What is implied by these statements is that when the orbitis nearly

aligned with the X-Y plane, the radius is nearly constant and the

I

I

I

I

eBeu3 -

angular frequency of the rotation is nearly constant.

these assumptions appear to be valid on a physical basis.

use of them, the equations of motion become:

_ = __ r 6 _- _ r_

+if I
, t_-_ _ _nr_ -- mr 0

i
_._- _ e

I •

If we now disregard all second order terms in _'and _'

I result is :

Both of

Making

(43)

(44)

(45)

, the final

I e_*'_ -
_ _m_ i
m (46)
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I First, let us look at these equations for B = 0. Then:

(47)

(48)

The first of these equations is simply the force balance equation

I for circular motion in a central force field.

10

I
I

I
I
I

I

I
I

I

I
I

_- _ ,._
-- (49)

The second equation is simply the equation of motion for an orbit

which is tilted in such a way that varies as the particle goes

around the anode. When the B field is then included, the meaning

of the equations does not change° All that happens is that the

angular frequency _ changes because the B field has pulled the

orbit out to a new radius. It is therefore seen that the equation

as stated is of little value, since we are looking for a damped

/
sinusoidal solution for

The problem appears to be that in linearizing the differential

equations, the damping factor is lost. If an attempt is made to

regain it, the equations immediately become impossible to solve.

A very approximate expression for the flipping frequency was obtained

by the following approximate analysis.

is the expression for the flipping frequency of a magnetic galva-

nometer. Even though this is an undamped system, an approximate
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value for the rate at which a stable orbit is approached should be

I obtainable.

I m = magnetic moment = iA

I = moment of inertia

I Assume _ _--'_ _ _. _ t.,_

for a flip from 8 = 45 ° to 8 = 0 °.

I

I
I

In eqo (46) if it is assumed that

5_ u) _< _/r _

Letting _ _

(51)

which might be a reasonable value

then:

e._ (52)

as a reasonable value of sufficiently fast

i flipping.

B= 0'7_

I Let K = 3000v x 0°005 m

I

I
I
I

I
I

I

(53)

r= O.02m

m = 5°7 x 10-12

e

B = 70 gauss (54)

If _ =_ at 70 gauss then perhaps only a 20 gauss field or so

would be needed to flip 45° in one revolution.

It is now necessary to check the assumption made on the negligible

effect of the magnetic field on the radius of the orbit. This cannot

be done using eq ( _ ) alone because both of the variables

and _ appear. In addition, conservation of energy is also

used: 4-89
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E _ PE + KE = const.

PZ= ev= ecva (I_ - !)

r a r

ICE = I my 2 _mv2 = ecVa

2 2 2r

(55_

(56)

(57)

I

I

Z = ecVa ( 1 - I ) = E a + Er

r a 2r

If _ is the-initial radius and injection into the system

is made such that a circular orbit would be followed in the

(58)

I

I

absence of a _ field, then E = E
a

final orbit is obtained:

+ Ero = const°

Substituting this into eq. (46) and solving for B

]] s= _'I(,_-,)
• where: __

| _:_ _°-
From this e_uation it is found that

| _ _ /._- _ _ = t9,-¢"_,_

It is seen that the

When the

/.2c_ cV_ = IS"

(59)

(60)

field will have an appreciable effect upon the

size of the orbit, however, this does not impair the operations

Now a few words must be said about some of the practical aspects o_

the pump operation° The most important of these is the actual pump

geometry. Since reasonable accuracy is needed to get electrons into
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orbit with the right velocity and position, it is clear that an

electron gun is necessary. Since in the final design only one

filament is proposed, it will be necessary to funnel electrons

into the pump chamber through a relatively long nozzle. It will

require a good design to obtain a high efficiency for such a gun.

The other principle physical object in the pump cavity is the anode,

and even more important, its support post. The orientation of the

gun with respect to the anode support may have a great effect upon

the operation. In Figure (4.58) several possible orientations are

shown. In configuration (a) the gun is at 90 ° to the magnetic field.

This creates a problem since the radius of curvature of a 1000v

electron at right angles to a 20 gauss field is about 5 cm. Either

the electron gun would have to be built with this in mind or else

the barrel would have to be effectively shielded. If shielding

were employed, care would have to be taken that it did not distort

the magnetic field so badly that proper orbiting was not achieved°

Another disadvantage of this geometry is that the orbiting electrons

come fairly close to the barrel of the gun and enough of a perturba-

tion might be encountered to cause a collision. This situation is

partially remedied in configuration (b). Here the gun is rotated

part way around the imaginary circle which constitutes the first

orbit. In this position the bulk of the barrel is swung down away

from the final orbiting plane. At the same time, the tip of the barrel

moved closer to this plane, so that some sort of optimum position

must be experimentally arrived at. In configuration (c), the
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gun is parallel to the magnetic field so the magnetic effects are

eliminated. Actually, there will probably be a component of B

which is not aligned with the _ axis so total elimination of these

effects will not be achieved. The second difference in the

configuration is that the anode support is at 45 ° to the plane of the

final orbit. It had to be moved to this new position to avoid a

collision on the first orbit; however, the post will now effect the

final orbits since it is closer to their plane and no longer

symetrically located with respect to it. In choosing between (b)

and (c) it is a matter of weighing the distortion of the electro-

static field against the distortion of the magnetic field (if the

gun is shielded). Because of the new orientation of the gun,

circular orbits can no longer be obtained since the tip of the barrel

would have to lie in the final orbit plane, a condition which is

not acceptable. If an elliptical orbit is followed, the

eccentricity must be kept low enough that a collision with the

cathode is avoided. Circular orbits appear to be more desirable

since the path can lie nearer the anode over its total length than

in the case of an elliptical orbit. This means higher sputtering

efficiency.

Since stable orbits are obtained in this device, the ion current

formed must be a function of the space charge density which can be

maintained. If the volume fills with a space charge cloud, the

operation and resulting electron motion will be severely altered.
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The precise calculation of these effects is a difficult task. Again,

experimental test is the only practical means of determining the

necessary information. One thing is certain, the space charge

will be higher the more difficult is made the means of escape

for the trapped electrons. Two guides are clearly set forth:

First, the initial radius and velocity of the electrons must be

adjusted so that they cannot reach the cathode. Second, the gun

barrel and anode post must be well shielded to minimize the area of

the escape route° A shielded pump is shown in Figure (4.58)(d).

The fact that the _ field stretches the orbit aids in preventing

the electrons from returning to the gun barrel.

A few general comments can be made about the space charge

distribution. The outer boundary of the cloud is determined by

energy considerations. If it is desired to fill the entire

volume then the total initial energy of the electrons relative

to anode potential should be set equal to _VA In the space

charge free case, the proper position fro the electron gun would

be _. = -_ _ , if a circular orbit is initiated. In the

presence of space charge, the field distribution is modified but

the gun potential must be set for the non-space charge case so that

stable orbits will result and allow for space charge build up.

The fact that the initial radius is far from the anode should not

hinder a high sputtering rate since it is anticipated that the entire

volume will become filled with space charge.
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The magnetic field will not play a major roll in maintaining the

space charge density. The rotating charge mass should line up with

its axis of rotation parallel to the _ axis. Then it is seen that

the central force field will do most of the containment in the

direction. There appears to be no reason why a sufficiently

high space charge density could not be obtained.
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4.53 Pump Speed

In any of the systems which have been discussed, the restrictions

placed upon the initial conditions of an electron are much more

severe than in the case of a strong field magnetic pump because the

trapping mechanism is much more refined. For this reason, a well

directed electron beam must be used as the source of electrons

rather than the Penning discharge which is used in magnetic pumps.

If we assume that a cathode system emits a current, ic, of energy,

qVe, and that a fraction, fic, goes into a useful orbiting path,

then three limiting conditions upon the length of this path can be

specified:

Case I: The electron path length is limited to an average value

SI by the pump structure and that reactions with gas

molecules cause a negligible loss.

Case 2: The electron path length is limited by the mean free path

in the gas; i.e., the dimensions of the structure have no

part in determining average path length.

Case 3:

Let:

The electrons go into a well trapped orbit such that the

space charge of a circulating beam produces the limiting

current.

S n = ionization probability as a function of gas density in ions

per electron per centimeter of path length per molecule per

co.
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n = molecular density in molecules/cc

s = path length in cm

l+f = positive ion current formed

Then:

For Case i:

(63)

(64)

For Case 2: (65)

where _l_is the electron mean free path in centimeters. In this

case, since _is a linear function of l/n, it is apparent that

the ion current will be independent of pressure. In Case i,

however, the ion current is directly proportional to pressure.

For Case 3: Each electron removed from a trapped orbit by collision

is replaced by an electron from the emitter so that the space charge

limited condition is maintained. If Ne electrons are in orbit with

an average velocity ve then:

where e is the electronic charge and -_. is the equivalent space

charge current, •

Ne is calculated for space charge limited conditions by the solution

of Poisson's equation for the geometry of interest. In this case,
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This must be true since all of these cases assume that when an ionizing

collision takes place the resulting electrons are scattered out of

the system and are not utilized. These calculations will be altered

if either electron produces additional ionization or if non-ionizing

inelastic collisons change the probability function. Neither condi-

tion is considered.

Now that l+f has been expressed, the pumping speed can then be

calculated. If Qn is the gas flow of an ion pump in molecules per

second, the pumping speed, S in cc/sec., is given by:
P

where _'_0 =molecular density under conditions of dynamic

equilibrium

I If it is assumed that each molecule ionized is a molecule removed,

I then, _= I_

I

I

I

I

I

I

q ffiaverage charge per ion

As previously discussed, the number of molecules pumped is actually

related to the number of active sites available for absorption and,

for rare gas atoms, the rate of deposition of sputtered material

relative to the diffusion rate of the gas. Thus, the number of

atmos of getter material relative to the diffusion rate of the gas.

Thus, the number of atoms of getter material sputtered per ion and
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the geometric configuration will govern the number of active sites,

while the geometry and impact energy will govern the burial and re-

lease of absorbed molecules. Consequently, let:

where 6 = F(Vion, ge0metry Igas being pumped)

It would be extremely difficult to calculate a value for 6, so

rather than attempt this it will be estimated from the available

data on diode and triode pumps. Then for the different electron

path cases the pumping speeds are found to be:

%

(67)

(68)

(69)

The electron mean free path can be obtained by assuming stationary

_r_ mo1_=_es_aa=o_1_s_on_r_ _r&_/_ _ermole=u_
where d is the molecular diameter. Thus:
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For a gas consisting of N 2 molecules:

Typical values of Sn for nltrogen are:

Ve = electron energy volts

30 ev

I00 ev

i000 ev

2000 ev

Writing equation

But

Sn = ionization probability

ions/e lect r on/cm/mo lecu le/cc

1.5 x 10 -16

3.2 x i0-16

0.93 x 10 "16

0.56 x i0-16

(,..2 5_ (70)

It is seen that under these assumptions, the pumping speed will

decrease inversely with pressure for the free path limited

condition. As a means of comparison, the electron mean free path

is i000 cm when p = 2.5 x 10-5mm at 0°C. Consequently, above this

pressure, the pumping speed of a device having a geometry limited

electron path of i000 cm would fall off as pressure continued to

rise.

As an example for Case 2, let:
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4.54

This impl_es that i00 microamps useful current at i000 cm path

length would be required in a geometry limited system for a

pumping speed of 150 cc/sec.

Pump Power

In a conventional magnetic getter ion pump, the major portion

of power consumption is accounted for by the ion current which falls

through a high voltage and strikes the cathode. In such a pump

power is proportional to pressure. In the Vac lon_0.15 liter/seco

the ion current is: 3 x 103#ua/_,pump,

At I x 10 -5 mm: I+ = 30_a

The voltage difference between the ionizing region and the cathode

is about 3 kv. Therefore P = 3 x 103 x 30 x 10 -6 = 0.09 watts

This is clearly a reasonable value for compatibility with the sys-

tem under consideration.

In a pump which requires an electron gun, the considerations are

somewhat different. Let us consider a geometry limited system.

In such a system the power can be divided into four parts. The

first is the filament power necessary to obtain electron emission.

It is proposed that the same filament be used for both the ion

source and pump requirements. The additional filament current

required for an extra i00 to 200 _a of emission is relatively

small when compared with the total current necessary to achieve

emission. Therefore, this power will be lumped with the filament

power. The other power losses occur in the electron gun and in
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the current flow to the anode and cathode of the p_p.

I loss in the electron gun is:

The power loss to the anode is:

I P_ _' ¢'i _"_ (neglecting electrons from
ion formation)

The power

(71)

(72)

I
I

I

The power loss to the cathode is:

where V_ is the average potential of the ion immediately upon

being formed. These expressions may be related to one another by

the pump speed calculations which were carried out in the previous

I

I

section.

From eq. 64 and 67:

_ere _-- K_

 romwhichI
i Pa ffi b-- and

,|

I Several o servations can be made at this point.

a. Only cathode power is greatly effected by pressure, being

I proportional to it.

(74)

(75)

(76)

(77)

(78)

I b. Cathode power is also proportional to pump speed.

I
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c. However, Pa and Pg are only proportional to ic. Therefore,

improving the pumpingspeed by increasing SI will only increase

Pc" Now substituting some typical numerical values:

= 1.0
= 10 "16

Sn 0.93 x -13

q ffi e ffi 1.61_ i0

K 3.6 x I0 at 0°C for N 2

S 150 cc/_ec
pP 1 x 10"- mm

f = 0.5

I 5 kvVa

v_o= 1250v. )
V i 2500 v. )

(Based on spherical pump geometry

with Vc/V a = 4)

P = 0. 0216
c

P = 0.485
a

P = O.322
g

These numbers are very approximate and are only intended to show

that the presence of the electron gun accounts for the majority of

the power required. The value P is less than the power dissipated
c

in the Vac Ion pump primarily because the value _ is higher in the

pump assumed here. _ was assumed £o be unity because a triode

configuration is contemplated. Brubaker 2 has reported that this

is a reasonable value for this type of geometry.

The values for Pa and Pg are high and it must be remembered that

a space charge limited pump such as the weak B field pump will

2 W. M. Brubaker, "A Method for Greatly Enhancing the Pumping Action of a

Penning Discharge"
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operate more efficiently. However, because it requires an electron

gun it cannot operate as efficiently as the Penning discharge type.
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4.60 DETECTORS

There are basically two types of detectors which can be employed.

The first is a broad class of electrometer amplifiers and the

second is electron multipliers. Electrometers may be classified

as linear and non-linear. Both types are discussed.

4.61 Electrometer Amplifiers

4.61. I General Electrometer Amplifier

The block diagram of a general electrometer amplifier is shown

I in Figure 4.61.

m t
i

I

I

I

I
I

I

I

I

Figure 4.61

v,

GENERAL ELECTROMETER AMPLIFIER

where: k I = gain of forward loop linear amplifier.

Zp = parallel combination of input impedance to ground

and feedback circuit impedance excluding attenuators.

Y = total susceptance of feedback circuit.
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Of importance in the system is the ratio of voltage out to input

current known as the transfer impedance Z21.

for a typical amplifier,

Therefore:

_0F,r >>/

I

I

I

I

I
I

I

I

I

I

I

I

I

_L, v. __/- x. - y

The circuit for a basic electrometer amplifier is shown in Figure 4.62.

±
_c,

Figure 4.62

BASIC GENERAL ELECTROMETER AMPLIFIER

vo

Where C I is the unavoidable total input capacitance to ground, Rf

is a very large resistor whose value is generally of the same

magnitude in ohms as is the reciprocal of the input current in

amperes, and Cf is the unavoidable capacitance associated with the

feedback resistor, Rf. For this circuit:

/

Zp - .,c'*c_ I

I

S. _ Cc, +ce)
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where ."S" represents the Laplace operator. For K1 >_ 1 and

klC f >_ C 1 which is true in a typical amplifier:

For a current step input ll(t ) = lu(t), the D-C voltage level

which the output approaches is

!
I

I

!
|
i

i

and the time constant with which it approaches this value is

T : Rt C¢ i

These equations show that the output will be related to the input

by the factor Rf. If Rf is a constant resistance, the output is

directly proportional to the input. If Rf varies in some known

manner, the output will vary with the input in the same known

manner. As an example of how this principle will be used, if Rf

varies logarithmically so will the output as compared to the input

current. It might also be noted that if the resistance of Rf is

of the approximate magnitude in ohms as is the inverse of the input

current in amperes, the output voltage will be approximately one volto
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4.61.2

The time constant which is equal to RfCf is unfortunately very long

if the input currents are small and any practical output voltage

range is used. The state of the art is such that the capacitance

Cf of the feedback element can not be made small enough to give

reasonable time constants.

Two methods which have been devised to decrease the output time

constant will be discussed. The first method will be applicable

only to linear output (directly proportional to input) amplifiers.

The second method is applicable if the feedback element Rf is not

constant and is the method used in the experimental logarithmic

electrometer amplifier developed for the study.

Linear (Output Directly Proportional to Input) Amplifier

A system which will give an output voltage directly proportional

to input current with a fast response is shown in Figure 4.63 where

Rf is a resistor of constant value.

,o,_ \ tL___

Figure 4.63

FAST LINEAR ELECTROMETER AMPLIFIER

The equations for this circuit are:
I

;Zp = ,, "el _c._
I

Y:-__e +c.sl: _C, * R,c_s.]
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To improve the response time,J is made equal toCl + _¢C_ )'I

through the use of the circuit shown in Figure 4.64.

[ I

o _r'- I Y'o

i _L i
I I

, -i-c,
II ---_

i 2

Figure 4.64

COMPENSATING NETWORK FOR A LINEAR AMPLIFIER

If _ is made relatively large and _ C_ is made

equal to RfCf, then

and

the transfer impedance is given by

_ _, C ',

pr_-ctical

1 z_,: _ - o,._,Ls,- ,,co,_'

I

amplifiers:

For a current step input il(t ) = lu(t), the d-c voltage level

which the output approaches is

I

I

I

and the time constar_ with which it approaches this value is

1

I
I
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It is seen that this network reduces the time constant by a factor

approximately equal to the gain of the forward loop linear amplifier.

I

I

However, it must be realized that the time response cannot be ex-

tendedbeyond that which effects due tomaterial polarization

(dielectric hysteresis) may dictate.

I
I
I

4.61.3 Controlled Non-Linear Amplifier

A system which will give output voltages which are not proportional

to input currents but has a known relationship with a fast response

is shown in Figure 4.65. This is the type of system built for the

present study.

I t

I

I
I

I

; iic_

Figure 4.65

CONTROLLED NON-LINEARAMPLIFIER

The equations for the circuit are:

I

c, _1_ ÷C_
1

_t Cc,,c_+c.)

I Y" _ +'--+_'--

!
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In order to have a fast response with a large value of Rf, k I >_ i

,I
1 and k2 = - Cf/C n-
i

! 1 Under these conditions:
i 1

i 1 For a current step input il(t ) = lu(t), the d-c voltage level
1

which the output approaches is

I Iv:co=)_.._ v.<',.j-_,., ,_-. • IJ. T.-.._ o " l _l> _ l_.i.-_--. : - .7"R_,
I and the time constant with which it approaches this value is

1

1i
m

This time constant is nearly the same as that for the linear

I
I

I
I

4.62

amplifier. It can be made quite small by using a high gain forward

loop amplifier k I. Polarization effects at the input will be the

limiting factor on the time response. The d-c relationship between

output voltage and input current will be governed by Rf.

Electron Multipliers

Very little investigation was done in the area of electron

1

1

multipliers. The reason for this is that a multiplier would probably

only find use in conjunction with an extremely low sensitivity ion

source such as the alpha source which is discussed in Section 4.24.

1

1
i
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In such an application, the multiplier would be used as a pulse

amplifier to amplify single electrons which arrive at its input

to a pulse of electrons at the output. These pulses are then fed

into a counter. Since the primary effort of this program was

directed toward electron bombardment sources, it was felt that

pulse counting techniques were inappropriate since the

sensitivity level is too high.

When applied as an amplifying stage in an analog system, the

multiplier becomes less desirable. The principle problem appears

to be that of maintaining gain stability during the six month

transit to Mars. It is unlkiely that the dynode surfaces would

remain unaffected during such a long time period. This implies

that the mmltiplier would have to be calibrated before entering

the Martian atmosphere. At the same time, a relatively high

sensitivity logarithmic amplifier would have to follow the

multiplier and therefore, the weight and power would be greater

than in the case of a logarithmic electrometer discussed in the

previous section.

It was decided that study beyond the scope of this contract would

be necessary to prove the feasibility of an electron multiplier as

an analog instrument in this application.
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5.0 COMBINED SYSTEM ELEMENTS

Now that the individual components of the system have been

discussed in detail, they may now be brought together to obtain the

general relationships for the system as a whole. In carrying out

this operation, there are two important determining factors which

should be considered; I) the power, weight, and size requirements,

and 2) the performance standards of resolution, sensitivity, and

accuracy. The choice of the final operating conditions should, if

possible, be c_mpatible with both of these areas. It is felt that

the most logical way to attack this problem is to let the performance

specifications be the independent variables and the power, weight,

and size be the dependent ones. The principal reason for this is

that the theoretical treatment of the former group is more readily

accomplished than the latter.

The following logic is used: The accuracy and available data bits

require that an absolute minimum peak top width to base width ratio

of 50% is essential. Even this requirement implies that some form

of selected data technique be employed or else that a synchronized

mass scan is used, thereby placing severe requirements on the

quadrupole power supply. From Figure 4.14 it is seen that a 50%

(_) ratio implies an (_L/_o) ratio of about 0.03 at a resolution

d
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of 25, _---V_ _|_ = O*o| In addition, if

this resolution is to be obtained at the operating point indicated

figure, then e_ _'_I relating _-_/_ to thein the

system geometry must be complied with.

I
I
I

I
I
I

I
I

I
I

I
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The choice of _/_will then determine the exit angle

requirements on the ion source in order to maintain Y at the assumed

maximum value of 0.01. On the other hand,_/_may be implied

by _'Q II and _o may be implied by the transmission characteristics.

Then _ can be set by the source sensitivity required and a value

for _C_,results. This, in turn, sets the theoretical power consump-

tion of the quadrupole LC circuit.

The combination of the analytical expressions expressing these rela-

tions would be a tedious task and it seems that the only way that a

solution can be obtained is to apply one's feel for the problem to

set some of the parameters and then determine what the remaining

ones must be. if C_ _o for a double aperture thermal ion

source, then _/_, _ [/27' _ From the standpoint

of power considerations and the necessity of using a transistorized

r.f. supply, it appears that Vc__OOv . is a maximum

value implying a Vr _ |O,_v, It is doubtfulallowable

that a high enough ion source sensitivity or the required exit angle

can be obtained at such a low injection voltage.

i
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isassumed, - I/iz,l

is implied or_T__----_)O. This operating condition appears

much more likely of attainment than the first, however, a 2° angle

appears to be somewhat ambitious.

It is readily seen that the limited number of data bits available

puts a tight squeeze on the variables V_[ , _¢,_ , and o¢

which is independent of the other system variables and only

depends upon the additional requirement that the r.f. electronics

be transistorized. Should more bits become available, these

requirements could be relaxed.

I Another approach which might be contemplated is to increase the

allowable value of Y Careful examination of eq. (39) See. 4,

I and confirmation by numerical calculation indicates that doubling

Y would more than half the required_c/_oratio. At best, it

I would be 0.015 which for _-o "_O,_C)_) u
, ,[which appears to be a

I maximum valu_ _ = O,OO_It. This is possibly an acceptable

value and might be forced by the differential pumping requirements

I anyway. With _ 0.0__ and O_, = _ then_ i_*_ V_'9 °

This is getting to be a reasonable value. Now _X _V. implies

I V_ _q3_ which can be tolerated by the electronics.

!

!
is 0.07 which implies _= _,87 '! for _% = O,IOO " The

indication here is that the length of the quadrupole rods can probably

! be reduced from the value of 6" which has been anticipated. It
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must be remembered, however, that the analytical accuracy,

eq. (24) Sec. 4, is in question and, therefore, it cannot be

taken for granted that the rods would be shortened. What is implied,

however, is that an accurate analysis should be performed on the 1%

peak height resolution to determine its quantitative dependence upon

_l _ and _o / _ Assuming that the rods could be shortened,

and that the volume and weight of a 6" quadrupole with an

is reasonable, then it appears that optimum values for

could be determined such that the valume remains constant.

Now let us examine the next area of importance: sensitivity,

and see what the interelations are which determine this quantity.

If a logarithmic electrometer amplifier is used, then the

detectible limit cannot be pushed much below I x 10-13 amps

without a corresponding increase in time constant or a redesign

of the amplifier to produce more gain. The first alternative is

intolerable and the second must be viewed with some skepticism

since a great deal of effort would probably be required to

produce a reliable, working instrument. At the same time, more

power would be required for the extra amplifying stage. Let us

assume that the second alternative is not followed either. It has

also been assumed that the analyzer pressure can operate as high

as I x I0"5_ and that a pressure range of i0:I is encountered

over the sampling range so that the analyzer pressure would vary

from I x I0"6_ to I x i0"5_. Investigation of the inlet
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flow requirements indicate no problem in accommodating these

pressures and ion pumping is certainly feasible in this range.

The pressure in the ion source is then ]_ times the analyzer

pressure where D is the differential pumping ratio. Then

d- ...

where S = source sensitivity in amps/_-_a

I = emission current (_

The detectible limit is 0.1% of l+t and so

|

_o= S_T-_ _0-_ --__-_z_e

This equation is plotted in Figure 5.01. The dotted lines

mark off the region that is applicable to the present problem,

assuming a pumped filament. At a differential pumping ratio of

20, the required source sensitivity is 5 x I0 -II amps/_-_a which

was exceeded in the experimental source under conditions of

negative exit aperture bias and is only a factor of five above the

value attained with the exit aperture at ground. It is true that

these sensitivities were attained for an_P..of 0.010", but as is

stated in the conclusions of the experimental work, it should be

possible to attain the higher sensitivity at a lower value of

It should also be mentioned that rather than fight the differential

pumping problem of D of i0 could be accepted if the emission

current was increased to 200 _a. This would not require too great

an increase in filament power. There would be the added problem

of getting 200_a into the source region. This approach would only

be practical if an ion pump is used which pumps argon at a reasonable
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rate with respect to air (1/3 or better). The differential

pumping ratio could be greatly improved if a completely enclosed

electron beam and filament were used. If this were done, the only

flow path would be the ion exit aperture. The conductance of this

aperture can probably be made as low as 2 cc/sec, which would yield

a differential pumping ratio of 76 for a 150 cc/sec, pump. This would

have two significant affects. First, the total ion current would

easily be high enough to meet the detector requirements. Second,

the argon distortion problem would be essentially eliminated. But,

you can't get something for nothing. In this case, sample distortion

occurs due to chemical reaction with the filament. In addition,

the background level would be much higher, thus defeating one of

the purposes of a high differential pumping ratio. This still

might be the most practical approach, although time would have to

be spent in analyzing the sample distortion for different known

gas mixtures.

The conclusion reached is that there is a high probability that

the necessary conditions can be met to achieve the resolution,

accuracy, and sensitivity required. The problem of argon pumping

may not be completely solved, but with two scans, enough data should

be available that the effects of the sample distortion can be

accounted for. The weight and power considerations are discussed

in Section 8.
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6.0

6. i0

EXPERIMENTAL DESIGN

After a preliminary theoretical investigation was completed, several

areas were found in which experimental verification was necessary.

The design of these experiments is discussed below. The construction

techniques which were employed on these experimental assemblies were

not intended to be representative of actual flight hardware. The

principle guide followed in the design and fabrication was to build

the components as quickly and inexpensively as possible while still

allowi_'fgr the testing of the pertinent characteristics which

would apply to actual space hardware.

QUADRUPOLE ANALYZER

The principal parameters which must be determined in the design

of the analyzer are the rod spacing radius ro, and the rod length i.

It will be assumed for the time that the entrance aperture radius

re is associated with the collector design. It was decided to make

ro as small as possible and 1 as long as possible, compatible with

the package size limitations. The reasons for this were that a

small ro implies a small overall analyzer diameter and should save

weight as well as power. The maximum length was deemed necessary

to minimize tails on the peaks. It was found later that in the

frequency range which the analyzer will be operating that r o may be

increased with a small increase or possible decrease in power.
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It was decided that the maximum allowable rod length would be six

inches. The addition of the ion source and collector would increase

the overall length to eight or nine inches. It was felt that this

was a reasonable maximum length. The minimum allowable ro was deter-

mined from the standpoint of the minimum rod diameter at which the

necessary tolerances could be maintained and at which the 6 inch rods

could stand the vibration requirements. Based on these considerations

ro was set at 0.I00 inches making the rod diameter 0.232 inches.

The layout of the quadrupole is shown in Fig 6-ii. The rods are

supported from the sides so thatthe analyzer could be assembled

separately from the source and collector units and yet still allow

for a close spacing between the ends of the rods and these assemblies.

The completed analyzer is shown in Fig 6-12. The rods and outer shell

were fabricated of 303 stainless steel. The quadrupole voltages are

fed in thru standard Coors feed thrus. These are much bulkier than

necessary. The only difficulty encountered in the fabrication was

met in aligning the rods so that they did not have a twist. This can

be taken care of in the final system by the use of an aligning slot

at each end of the rods.

From eq.(24) of section 4.1 the voltage ratio Vac/Vl necessary for

negating the effects of tails can be computed. For_/A_=25 Vac/V I

-- 3.8. For the actual operation of the instrument it was decided

to operate at a higher Vac than is implied by this result. Therefore

tails should not be a problem.
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6.20

It was decided to set Vac = 125v. which for V1 = 25 sets Vac/V I ='5

which should be high enough to prevent appreciable tails. With ro

and Vac determined the necessary frequency range can then be expressed

by the use of eq. (23) Section 4.1. This range turns out to be 2.3

megacyles to 4.7 megacyles. With the frequency range determined it is

only necessary to know the value of the quadrupole capacity and the

size of the inductor can be found. The capacity of the analyzer by

itself was measured and found to be 33 p.f. It was estimated that an

additional 17 pf. would be acquired when the source, collector and the

external wiring were added and so C = 50 p.f. was used. This sets

L:= 22 microhenries. This chain of calculations shows the logic dia-

gram discussed in Sec 3.0 is supposed to work.

ION SOURCE

There were two goals in mind in designing the experimental ion source.

The first was to determine the sensitivity which could be obtained

from a non-magnetic source. The second was to experimentally demon-

strate the effects of differential pumping, and the resulting re-

strictions on the sensitivity. A parabolic electron beam type as

discussed in Section (4.2) was chosen. It was decided that because

of relatively low injection energy and high ion beam density desired_

and the small space available that a thermal imaging source would be

designed. Another factor which aided in reaching this conclusion

was the increased difficulty encounteredjgreater investigation re-

quired, in the design of a perfect imaging system.
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The design of the experimental source was based on the limiting

values of detector sensitivity and analyzer pressure. If the

minimum desirable detector current is ixl0 -13 amps and H20 is assumed

to be 0.1% of the total composition then the total ion source current

must be ixl0 -I0 amps at the operating pressure. If the minimum

analyzer pressure is ixl0 -7 min Hq and the differential pumping

ratio is 20 the pressure in the ion source will be 2x10 -6 min.

The ion current formed can be approximately expressed as:

I+ = I0 I- p i (i)

where:

i = beam length in cm.

p = pressure in min Hq

I = electron beam current

In the case at hand, if the first aperture below the electron

beam has a radias ra then i = 2 ra and:

ra A i I+ i (2)
20 I" P

Inserting the values stated above and assuming an electron beam current

of i00 )Ja:

ra = i0-i0 x

Expressed in inches ra =

I = 10 -6 = 2.5xi0 -2 cm.

20x2x10-6 4xlO =5

0.010". This was the value used. The

source was then designed with the goal of getting all of the ion

current which passed the first aperture out through the exit aperture.
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The theoretical sensitivity of this source is:

S = __I+ = ixl0-10a = 5x10 -I0 a

l-p i00 ua x2x 10-3 _ _-_a

This is a reasonable value to try to obtain from a thermal

imaging source.

Several source configurations were theoretically investigated. The

one which was decided upon was the double aperture source which is

shown schematically in Fig. 6-21.

be established:

VI = Va + KI Vr

Va = VI - El Vr

Vo = 2Vr (I-KI)

Ve = Vo - ( K I ) Vr

The following relationships can

(3)

(4)

(5)

(6)

Where Ve = equivalent Kinetic energy voltage of electrons at the

minimum in the trajectory.

From equations (5) and (6)

Vr = Ve (7)

l-kl

Another relation which may be determined by the requirements for a

parabolic path is:

Kldl = dl- ½ XoIY min (8)

It was decided to let

Xo = 0.200" and Kldl = 0.040".

The most efficient ionization potential is nominally 70 volts°

Therefore Ve = 70v. Substitution of these valves into eqs. (7) and (8)

yields: V r = 98v. dI = 0.140" K I = 0.286
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If VI is set at 25v. then from equation (4):
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The focal length of a single aperture lens can be expressed as:

Applying the equation to the accelerator aperture it is found:

- _ _,_%_ (lO)
where

It is clear that if a positive focal length is to be obtained the

voltage on the lends must be negative. Applying eq. (9) to the

second aperture :

_/__(,_÷_ -_-Z_ (11)

In order to transmit all of the ions it is necessary that the follow-

ing relation is approximately true:

__. -_ __ '__ (12)

In addition, if a small exit angle is desired then the most practical

solution is to attempt to get zero angle. A well known relation of

I

I

I

optics is: __ _-- _ =-

"x, )<7. -_-

(-c, _,4In the case at hand _, _- --- ) __._

(13)

and

I

Combining these aspects of the problem leads to the following

difining relations. From eqs. (i0) and (12):

_- ,_ -_- _-(, l-- _-_
_/oo (15)
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From eqs. (Ii), (12) and (14):

where

By the use of eqs. (15) and (16) the following values were

computed:

Independently

Chosen

Dependently
Determined

K A r2* V] d2 KS

0.5 0.005" -50v. 0.067" 0.198

0.5 0.005" -100v. O. 139" 0. 248

0.5 0.005" -200v. 0.201" 0.285

0.2 0.002" -200v. 0.154" 0.058

O. 2 0. 002" -500v. O. 582" O. 063

*For r = 0.020"
a

d3

0.013"

0.035"

0. 057"

O. 012"

0.037"

The results of this work indicate that a well focused beam can

be obtained at a reasonable source size and reasonable voltages.

It was decided to use an r2 of 0.005" since it was felt that

this radius would be sufficient to give a high enough differential

pumping action. For an r2 : 0.010" and a length of 0.050"

C : 7.34 n_ In the final design the radius of this restrictionsec.

was not maintained constant but started at 0.010" and opened up to

0.020". This was done to prevent a gra'_'ing incidence for the ion

beam which might cause adverse effects. This restriction was

followed by another one in the exit aperture which was 0.020" long
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and 0.020" in radius. The net speed of these two restrictions

was about 15 cc/sec. This would not be low enough to produce a

high differential pumping ratio if the pump speed were only

0.150 l./sec., but since the tests were carried out on an experi-

mental vacuum system with a speed of at least 5L/se_ the differ-

ential pumping would be quite high. The source calculations

show that there seems to be no practical reason why an r 2 = 0.002"

could not be employed and therefore the flow through the ion exit

aperture could be made quite small. The real problem was en-

countered in the electron beam entrance and exit apertures. The

indicated flow through these was so high that it was decided to use

a closed anode and eliminate the exit aperture all together. It

had been thought originally that the ion source electron beam could

be used in the ion pump also but this plan had to be altered because

of the ion source conductance required. If an electron beam entrance

aperture is used with a length of 0.i00", width of 0.060" and thick-

ness of 0.020" the conductance of the aperture will be 27.6 cc/sec.

It is readily seen that this conductance is considerably larger than

the conductance of the ion exit aperture. In the interest of time

a readily available standard filament and mounting used. For this

reason special electron beams focusing could not be employed to

cut down the size of the electron beam aperture. This mounting

consists of a straight wire filament with a cupped shield directly

behind it. The shield is connected to a feed thru pin so that its

potential can be adjusted for optimum focusing. In fact it was
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decided to use a slot with a width of 0.i00" and in the course of

fabrication it was found necessary to shorten it to a length of

0.080". The resulting conductance is considerably higher than

allowable for the necessary differential pumping.

The layout of the experimental ion source is shown in Fig. 6-21.

The high pressure region of the source was inclosed by ceramic

rings between the repeller and accelerator and between the

accelerator and negative lens. The sample is brought in through

a tube located in a hole in the side of one of the ceramic rings.

The exit aperture was facricated with a snout which protrudes into

the analyzer section. The inside dimensions of the snout were

such that the maximum angle which could be transmitted is 7° .

The exit aperture was insulated from ground and connected to a

feed thru pin so that it could be put at any voltage desired. The

spacing between the lens and exit aperture was reduced from the

theoretical value of 0.057 inches to 0.030 inches to increase the

value of E 3. This was felt necessary because of the thickness of

the lens electrode (0.050"), while the theory assumes zero thick-

ness. The disassembled source is shown in Fig. 6-23.

A simple filament test fixture was fabricated to determine the

percent of total emission which could be focused through a slot

0°i00" long, 0.030" wide and 0.010" thick. The conductance of

this slot is 5 _cc A straight wire 5 mil rhenium filament was
sec.

6-9



I
il

I
I

I
I
I

I
I
I

I
I

I
I
I

I
I

I
I

6.30

mounted on a standard filament support and centered in a grove

0.020" wide and equally deep. The accelerator plate with the slot

in it was mounted on ruby insulators and clamped to the cathode

block with a 0.010" spacing. A collector was mounted behind the

accelerating plate to collect those electrons which were transmitted

thru the slot. The fixture was mounted to a I" thick Teflon base

and pins were forced through under sized holes to make the electrical

connections. The Teflon base is mounted to the vacuum system with

an O ring seal and is held there by the external air pressure when

the test chamber is evacuated. The experimental assembly is shown

in Figs 6-24 and 6-25.

COLLECTOR

The collector assembly consists of a three aperture Einzel lens

system and a double collector bucket. The first aperture plate in

the lens was permanently grounded while the second two electrodes

were connected to Coor's feed thrus. The radius of the aperture

of the first electrode was set equal to r0 and the electrode was

placed as close as possible to the end of the quadrupole rods to

insure a 100% collection efficiency. The dual collector consisted

of an inner and outer collector, the purpose being to test the focal

properties of the lens system. The rear end of the collector housing

is fitted with a flange which fastens to the vacuum system. The draw-

ing of the collector is shown in Fig 6-31 and the assembly is shown

in Fig 6-32. Figs 6-33 and 6-34 show the assembled ion source,

analyzer, and collector layed out in the proper orientation with

respect to each other.
6-10
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6.40

6.41

QUADRUPOLE POWER SUPPLIES

The operation of the quadrupole mass filter requires the use of d-c

and radio frequency voltages. The parameters of the experimental

quadrupole were such that approximately 500 volts peak-to-peak were

required from the R.F. supply. The output coil of the R.F. power

supply was center tapped to provide approximately 250 volts peak-to-

peak on each of the poles. Scanning of the mass range of 12 to 50

could be accomplished by varying the amplitude of the voltage or

frequency or both. The required frequency range, with a constant

voltage, was found to be 2.3 to 4.75 megacycles. The combination of

a-c and d-c voltages was arranged in such a manner that the ratio of

the voltages remained essentially constant during the scanning pro-

cess. The level of the d-c voltage was made adjustable around a

nominal value approximately 16 percent of the R.F. voltage. The out-

put of the d-c supply was approximately 20 volts.

R:F: SUPPLY

Several types of oscillators were investigated in order that the

most efficient and reliable system could be determined. RC and RL

phase shift oscillators were found to be very stable but inefficient°

In addition, the high voltage developed across the active element

would make the use of transistors difficult. As a result of these

problems, an LC oscillator appeared to be most satisfactory. Since

the quadrupole structure is effectively a capacitance, it was used

as part of the LC circuit.

In an effort to increase efficiency and reliability, a push-pull
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circuit was chosen. The distinct advantages of this approach is

that the required output voltages are divided between two transistors

thus reducing the requirements placed on the individual transistors.

The R.F. oscillator circuit is shown in Figure 6.41.

!

!

L

R.F. OSCILLATOR

Figure 6.41

The inductor L, the variable capacitor C, and the capacity of the

!
I
I

quadrupole determine the frequency. The inductance of the coil

was 17 microhenries. The capacity of the quadrupole was found to

be 33 picofarads. The variable capacitor, CR, ranged from 14 to

432 picofarads. The combination of these values provided a tuning

range of 1.8 to 5.6 megacycles.

The two 2N1893 transistors used are capable of high frequency oper-

ation and are rated at 50 volts between the collector and emitter.

The maximum voltage developed between the collector and emitter will
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be the supply voltage, Ebb , which has a value of 28 volts d-c. The

collectors are isolated from the tank circuit through small load

resistors, RL, which serve to stabilize the circuit. Auto-trans-

former action in the tank coil is used to step up the output voltage

to the required level.

The resistors Rb and RT from a voltage dividing network which estab-

lishes the proper base bias. The values of these resistors were

kept sufficiently low so that changes in base current did not appre-

ciably effect the operating point. This latter consideration con-

tributes substantially to greater temperature stability.

The emitter resistor, Re, provides a degree of negative feedback

and acts so as to establish temperature stability. The additional

capacitors in the circuit serve as d-c blocking capacitors.

The required oscillator feedback is accomplished by connecting the

transistor bases to tops on the tank coil. An effort was made to

operate the transistors in the class B region to effect efficient

operation. With the particular transistors used it was found neces-

sary to establish the bias in the class A or class AB region. The

use of more recently developed transistors could permit more stable

operation in the class B region with a corresponding increase in

efficiency.

The amplitude of the output voltage of the experimental oscillator

was found to vary slightly with changes in frequency. This change

was found to have a negligible effect on the performance of the
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quadrupole as long as the ratio of the a-c and d-c voltages was

held constant. This change in amplitude can be taken into consider-

ation in the design of the scanning system. An alternative approach

would require the addition of a feedback stage designed to hold the

oscillator amplitude constant with some decrease in the overall

circuit efficiency.

During the experiments, it was found that adequate shielding of the

tank circuit was necessary to maintain a sinusoidal waveform. Since

the required power varies greatly with the Q of the circuit, the

shielding must be such that the circuit Q is not degraded. It has

been determined that copper or silver should be used as shielding

material since it is possible that the use of aluminum can reduce

the coil Q by as much as 50%. A shield thickness of approximately

5 mils has been found to provide sufficient thickness at the opera-

ting frequencies.

In order that the quadrupole could be adjusted properly during the

experiments, it was found necessary to determine the equivalent

circuit of the configuration. It was found that the quardrupole

was essentially capacitive with 33 picofarads across the rods and

26 picofarads from each rod to the center common. The equivalent

circuit appears in Figure 6.42. Additional stray capacity will be

added by the connecting leads. This capacity has been taken into

account by the increased frequency range of the oscillator.
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6.42

D

P

QUADRUPOLE EQUIVALENT CIRCUIT

Figure 6.42

D-C SUPPLY

Since the ratio of the a-c and d-c voltages must be held nearly

constant, it was determined that the simplest and most efficient

approach to a d-c supply involved the rectification of the RF volt-

age. Using this approach, the output of the d-c supply will always

be proportional to the a-c voltage.

The d-c supply used was a simple half wave rectifier operating from

a voltage derived from the tank circuit. RC filtering was used.

The level of the d-c voltage was adjustable by means of a potentiom-

eter. Two such power supplies were required to provide the neces-

sary voltages for the quadrupole rods. The power supply circuit is

shown in Figure 6.43. Balancing of the d-c voltages was accomplished

by varying the positions of the power supply taps,

o_-_ " ?

ONE SIDE QUADRUPOLE D-C SUPPLY

Figure 6.43
6-15
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A power supply capable of controlled balancing against ground is

shown in Figure 6.44.

r

)

7_

%

MODIFIED D-C QUADRUPOLE SUPPLY

Figure 6.44

This circuit is connected in such a manner that only two adjustments

are required to establish a balance between the voltages. Potenti-

ometer, R I establishes the d-c output level, R2 varies the power

supply center point so that equal voltages may be supplied to both

sets of rods. A supply of this type was used on the quadrupole mass

filter built by the Bell and Howell Central Research Laboratories

and proved to be successful.

Figure 6.45 shows the schematic diagram of the complete power supply

system. A photograph of the experimental unit is shown in Figure

6.46.
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6.50 MASS SCANNING SYSTEM

The ability of the quadrupole mass spectrometer to detect a spect-

rum of molecules with different mass numbers is dependent upon

changing the voltage or RF frequency supplied to the quadrupole

elements. It has been determined that varying the RF frequency

would be most desirable.

Since certain data sampling methods become more simplified if the

mass numbers are sampled linearly with time, the variation of fre-

quency with respect to time was investigated. The relationship

between frequency f and mass number m is given by:

Where

e

Several methods may be used to change the frequency to effect the

mass number scan. All these methods require a change in the capa-

citance of the tank circuit in the RF and d-c quadrupole supply.

A small motor using I watt or less may be used. This motor may be

of a constant speed type which through a cam or similar arrangement

would vary the capacitor giving the desired frequency variation with

time. It is also possible to use a servo system which would sample

the frequency and through a feedback arrangement and shaping circuit

allow the frequency to be changed in the desired manner. A differ-

ent application using a motor would involve the use of a stepping

relay which would step to the desired mass positions.
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This latter type should require less power.

A very promising method of changing capacitance to vary frequency

would require a digital selection of capacitances. Although many

mass peaks would need to be investigated, the capacitors could be

efficiently utilized so as not to require a large number of capa-

citors. Smaller steps of capacitors could be reconnected between

larger capacitor additions. This method would reduce the power

consumption, weight, and perhaps size.

Two other possibilities are:

a) The use of a clock spring and escapement to drive the

variable capacitor.

b) The use of a voltage variable capacitor and gated logic

system to select the proper voltage level.

Both of these methods present difficulties which should be over-

come and will require further study.
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6.60 FILAMENT EMISSIONREGULATOR

Factors such as power supply variations, temperature changes, and

variations in filament resistance result in unstable filament emis-

sion. Since the mass spectrometer ion source requires constant elec-

tron emission if quantitative results are required, the emission of

the filament must be regulated.

The unit which was constructed for use on the experimental quadru-

pole mass spectrometer was based on the design used on a satellite

mass spectrometer system developed by Consolidated Systems Corpor-

ation. With extended use, this regulator has been shown effective

and reliable.

A circuit diagram of the filament emission regulator constructed is

shown in Figure 6.61. The 2N441 transistor is a power unit and will

have essentially all the filament current flowing through it from

the 3 volt source. There are two inputs to the system. One is the

actual total electron emission and the other is a regulated refer-

ence voltage which is kept constant at approximately 20 volts. By

adjustment of the 15 k potentiometer, the current flowing into the

base of the 2N543 transistor from the regulated reference can be

adjusted to a desired value. This value is that which gives a

current very nearly equal to the proper total electron emission.

Under these conditions there will be no base current into the 2N543

transistor since all the current from the regulated reference will

flow as total electron emission. Should the total electron emission

tend to either increase or decrease, this change will be sensed and
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amplified by the 2N543 and 2N540 transistors. The change is then

applied to the 2N441 power transistor which will then decrease or

increase the filament current in a direction so as to correct for

the total electron emission change. The IN459 diodes are used to

eliminate transient fluctuations.

The disadvantage of the unit built for the study is its high power

consumption. It will consume approximately 2.3 watts. This power

is essentially all lost through the 2N441 power transistor. The

case of the emission regulator is used as a heat sink to dissipate

the energy which was converted to heat.

The breadboard emission regulator is shown in Figure 6.62.

The power loss in this type of emission regulator is high. For

this emission it would be desirable to use a phase controlled or

switching type emission regulator for which efficiencies approach

90%. During this program no work was done in this area but previous

experience with this type of regulator indicates that it would be

applicable to the problem at hand. The principle of operation

would be much the same with the exception that the output transistor

would operate in the switching mode. The regulated reference and

total electron emissionwould then be compared and used to control

the duration of the "on" portion of the output transistor. In

this way the only power lost in the output transistor would be

due to the saturation voltage and cut off current.
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6.70 LOGARITHMIC ELECTROMETER AMPLIFIER

The output of the quadrupole mass filter is in the form of a posi-

tive ion current in the range of 10 -15 to 10 -8 amperes. It is

necessary to construct a special purpose amplifier to sense this

very small current and to give a proportional or calibrated output

between +5 and 0 volts representing the ion current. _ _ _ of

the wide current range, and the need to distinguish between the

smallest ion currents, it is desirable to have an output wl_ich is

most sensitive to currents in the 10 -14 ampere range.

This may be accomplished by using a linear electrometer amplifier;

the output of which is fed into another amplifier whose function is

to compress data at the high current end, usually in a logarithmic

fashion. Another and more efficient method is to build one elec-

trometer amplifierwhose output is logarithmic. The electrometer

amplifier discussed in this section is of the latter type.

In order to measure the small ion currents, it is necessary to keep

the input impedance of the amplifier extremely high. With high in-

put impedance, the time constants will in general be very high. It

then becomes necessary to provide a feedback loop in the amplifier

to increase the time response. To measure all the mass number peaks

between 12 and 50 sampled during the time alloted, it is estimated

that the amplifier time constant should be at most a few tenths of

a second.

As discussed in section 4.61.3, Controlled Non-Linear Amplifier, the
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6.71

d-c response of a non-linear amplifier is dependent on the feedback

resistor Rf. Since a logarithmic amplifier is preferable, a feed-

back resistor, Rf, with logarithmic characteristics must be used.

LoKarithmi c Feedback Element, Rf

Because of the very high resistance needed for Rf, it was necessary

to consider vacuum devices with linear characteristics. The possi-

ble range of resistance needed is 108 to 1015 ohms. It was found

that the CK5886 electrometer tube when used as a diode would best

fulfill this need. The CK5886 gives best logarithmic response when

used as a diode between the cathode and control grid. The circuit

and biasing used to give best diode results is shown in Figure 6.71.
[

I

i i.

i ,I
0

I,Z5V

1.3 V

CK5885 VACUUM AS LOGARITHMIC

Figure 6.71

The feedback element values are related to this circuit by

Rf = _

Cf= grid to cathode tube capacitance.

A curve was plotted for Vg vs. Ig for a wide range of currents. The
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6.72

plot was made on semi-log paper and is shown on Figure 6.72. Char-

acteristics of two tubes are shown. A very sensitive electrometer

amplifier was used to make the measurements.

The results of the investigation on the CK5886 tube were very en-

couraging and showed the characteristics to be very close to log-

arithmic to a current of 10-15 amps. These same characteristics

were investigated by Bell and Howell Central Research Laboratories

for currents down to 10-12 amps on many CK5886 tubes. The charact-

eristics were logarithmic in each case.

The tube capacitance (Cf) was measured and found to be in the 2-3

pf range.

Logarithmic Amplifier Developed For Study

It has been found that to effectively sample all the peaks while

descending through the Martian atmosphere, a time res-

ponse of at most 300 m sec. is needed. For sensitivity approaching

10 -14 amperes the following values are effective:

CI = 3pf

Rf = 5 x 1013_CL.

cf = 3pf

cn = 3p f

Solving for k I from the time constant equation given in section 4.

61.3, Controlled Non-Linear Amplifier.

el >__ Rf(C I + Cf + Cn_ -= 1500

6-23

I



!

The forward loop gain of a satellite mass spectrometer electrometer

amplifier built by CSC is between 1600 and 2000. Since this ampli-

fier has proven to be very reliable and has the appropriate gain

with low power consumption, it was decided to use its basic princi-

ples for the forward loop amplifier.

I

I
l

The circuit diagram for the logarithmic amplifier constructed for

the study is shown in Figure 6.73. A CK5886 electrometer tube to-

gether with a CK6281 tube and two 2N1234 transistors are used as

the forward loop amplifier. The RC pi network at the plate of the

CK5886 amplifier is a constant 30 ° phase shift circuit for increased

I

I
I

stability of the amplifier. A CK5886 tube used as a diode together

with a parallel resistor _ serve as the logarithmic feedback ele-

ment Rf with Cf being the capacity of the tube. Rp limits the sen-

sitivity and should be made larger if a current sensitivity of 10-14

or 10-15 amperes is desired. The JFD 0.8 to I0 pf variable capaci-

I
I

I
I
I

tor serves as the neutralization capacitor Cn. Transistor 2N929

serves as amplifier k 2 and inverts the signal as required. Since

Cn can be made closely equal to Cf, the gain of kl is approximately

minus one. The 910 pf capacitor is parallel with the 250K pot func-

tions to reduce the high frequency loop phase shift.

For study purposes, the amplifier was adjusted for a dynamic range

of 10-8 to 10-13 amperes. The output was set at +5.0 volts at 10 -13

amperes in, and 0 volts at 10-8 amperes in. The procedure used to

align the amplifier is given as follows:

I. Adjust "Screen Pot" to obtain +8.1 volts CK5886 screen

grid to ground. 6-24
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6.73

2. S!_ort the input to ground with a very short lead and

adjust "Input Offset Pot" to give an output voltage

close to zero.

3. With maximum current (10 -8 amp) input, adjust "Zero

Adjust Pot" to give zero output.

4. Adjust "Feedback Pot" for proper output (+5 volts) with

input of minimum current (10 -13 amps).

5. Adjust neutralization capacitor C n for best time response.

A photograph of the logarithmic electrometer amplifier developed

and constructed for this study is shown on Figure 6.74.

Polarization Effects

Dielectric hysteresis at the logarithmic amplifier input has played

a most important role. Because of the high impedance at the input,

polarization effects using ordinary support materials were most

troublesome. After some investigation and discussion with Bell and

Howell Central Research Laboratories, it was determined that a sin-

gle teflon standoff support would be the material with the least

polarization. Though the effects were greatly reduced, the polar-

ization was still appreciable. Through the use of a copper ground

plane and the elimination of any input standoff supports, the polar-

ization effects were reduced so that reasonable time constants were

achieved. The input components were placed in close proximity to

reduce input capacity and to form a solid support without the need

of an input standoff. It should also be noted that the input should

be directly coupled with a short lead which is not connected to a
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6.74

6.75

shield through any insulating material.

It is felt that the polarization effects can be reduced even more

by a more thorough investigation of input components with low di-

electric hysteresis.

The polarization effects at very low currents will effect linear

amplifiers as well and appear to serve as the fundamental time

response limitation to very small current inputs.

Input Shieldin_

By reducing input capacitance it is possible to improve the output

responsetime. Therefore, input shielding is very important. All

input leads were shielded from the remainder of the circuit. It is

also important to note that the input capacitance of the CK5886

electrometer tube can be reduced by shielding it from the rest of

the circuit. This was not done on the study model but is a factor

which should improve response.

Simulated Current Step Inputs

In order that the response of the electrometer might be properly

tested, a current input source was needed which would simulate the

ion current input.

To test d-c response of the logarithmic amplifier, a voltage was

applied to a hi-meg resistor in series with the input. This very

high resistance effectively controlled the current input. However,

several different resistors were heeded since the voltage range
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would be impractical if it alone were varied over the required cur-

rent input range.

So that the amplifier response to a step input of current could be

observed over the entire d-c range without changing components,

other methods were investigated.

The method which was used in the study was a modified triangular

wave input. A voltage waveform which was triangular with the bot-

tom clipped off was introduced through a small coupling capacitor

CT. During the clipped portion of the wave the input was zero but

at the moment the slope of the wave began it applied a step input

I of current of magnitude:

i where a is the slope of the triangular wave. It can be seen that

it was necessary to keep CT very small so that it would not appre-

i ciably effect the time constant. Unfortunately, when the triangu-

lar wave changed slope the electrometer gave meaningless data. How-

i ever, the clipped portion of the wave was made long enough to over-

come any of these unfavorable transients. The input and output of

the amplifier using this method is shown in Figure 6.75.

•v,,, " - Vo

o=-tl Electrometer _

i n, .o . .,
L_ ,. / Dashed lines are irrelevant

• • portion of waveforms

I
0 Figure 6.75 Simulated Current Step Input 6-27
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The input slope was calibrated by placing a known current into the

amplifier and adjusting the slope of the triangular wave to give

the same output. By determining several values, a slope vs. input

current curve was constructed.

Another method which may be used in the future involves the use of

a phototube acting as a current source with light impinging on it

at regular intervals.
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6.80 WEAK MAGNETIC FIELD PIR_P

It was decided that of all the ion pumps that were theoretically

statied the weak magnetic field pump was the most promising since

it offers space change limited operation, while at the same time

the possibility of a great improvement in magnetic leakage field

over the conventional ion pumps. A Schematic diagram of the ex-

perimental design is shown in Fig 6-81. The vital parts of the

pump were mounted in a vacuum housing which mounted to the vacuum

system. The cathode was fabricated of Titanium sheet stock and

mounted to the base flange on three ceramic standoffs. It was

decided to test a Triode configuration since this is the only

possible means of obtaining efficient pumping Argon. The grid

structure consisted of a stack of rings held together by Titanium

rods and mounted to the base flange on ceramic standoffs. Because

of the low sputtering efficiency of Titanium it was decided to

intersperse copper and Titanium rings. Electrical connections were

made to the cathode and grid by spring clips mounted on pins which

entered the vacuum housing thru Coors feed thrus. The anode was

mounted on a 1/16 inch rod which also extended from a feed thru.

This rod was shielded by a ground potential cylinder which slipped

over it and seated in the feed thur recess. All ceramic surfaces

were shielded so that they could not be coated with sputtered mat-

erial. The pump assembly is shown in Fig 6-82.
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The cathode and grid structures were fabricated with a cylindrical

geometry rather than the spherical geometry which was theoretically

studied. This was done in order to expediate fabrication. The

operation of the pump should not be affected by this change since

the voltage distribution is determined primarily by the anode

geometry.

The electron gun used to inject electrons into the pump cavity was

designed using the space charge beam principles of J. R. Pierce.* The

calculations are not presented here. There is a primary focusing

action between the cathode and the accelerator which was designed to

accept a 200 _a beam with a perveance of 2-2xi0-6. A secondary

focus is obtained a lens action at the accelerator - barrel (?) bound-

ary. This lens acts like an equidiameter cylindrical lenso The focal

length of this lens was adjusted to equal the length of the barrel.

The gum was fabricated from 303 stainless steel except for the

envelope which was facricated of 416 SS. The electron gum is mounted

to a base flange and inserted into a 2" diameter tube. This tube

is then mounted to the base flange of the ion pump. The drawing

is shown in Fig 6-83 and the assembly is shown in Fig 6-84.

*"Theory and Design of Electron Beams."

J. R. Pierce. Bell Telephone Labs Series.
Van Nostrant Press. 6-30



6.90 INLET APERTURE

The desire to have a molecular inlet leak in the presence of a

large pressure drop necessitated the investigation of methods for

fabricating sub micron apertures. These are discussed below.
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6.91.2

PRELIMINARY INVESTIGATION

Laser Beam Techniques

One possible way of making a sub micron hole is by burning it in

a thin sheet of material with a laser beam. This technique has

been used for I; to i0_ diameter holes but the sub micron range

has not to our knowledge been investigated. It is difficult to

control the bea_s size at one micron and the exact position of the

beam is also difficult to control. Holes can be drilled in various

materials up to a few thousandths of an inch thick. The hole cross

section usually varies over its length. This technique appeared

promising but was not experimentally investigated.

quartz Fibre Technique

Quartz fibres with submicron diameters are comercially available.

One of these fibres could be used as a die around which a submicron

hole could be formed. A jewelers drill could be used to make a

i mil hole in a thin metal plate. A submicron diameter quartz

fibre would then be placed in the hole (this in itself would be
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6.91.3

a difficult task.) The metal would then be melted around the

quartz and the hole would close down to the diameter of the fibre.

As the metal is cooled it should pull away slightly from the quartz

and the fibre would be removed. In theory this sounded like a

plausible method but the reduction of this operation to practice

would undoubtedly pose some severe problems. This method was not

experimentally persued.

Electron Microscope Techniques

A conversation was held with Dr. R. H. Willens of the California

Institute of Technology concerning the use of an electron micro-

scope for burning submicron holes. The substance of the conversa-

tion follows:

It is common practice to burn holes in various materials with an

electron microscope. The primary use of such holes is aligning

the electron beam. Hole sizes range down to 0.01 _. The electron

beam area is greater than i _ in diameter but submicron holes can

be formed due to the non uniform beam intensity by turning on the

beam for short periods of time. It was indicated that a single hole

in the size range that was desired might be difficult to make and

therefore it may be necessary to use a group of smaller holes. A

second problem which was anticipated was that extremely thin materials

must be used in order to obtain good results. The material should

not be over 0.i _ thick. This is slightly thinner than necessary

for molecular flow but could be built up by evaporating metal on the
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6.92.1

foil to build up the thickness. Thicknesses can be accurately

controlled by this technique. The foil with the submicron hole

must then be mounted over a larger hole (on the order of I0 ju)

in order to support it.

A third problem which would be encountered is that holes which

are burned in metal films are irregular in shape and their size

is difficult to control. This problem may be combatted _y-ma_iDg

the hole in collodium, evaporating metal on the collodium surface

and then dissolving the base material. This technique may offer

an additional advantage in that it should be easier to make a single

hole in collodium film. Electron microscope techniques offer the

advantage of being able to see what you are doing, since an optical

microscope cannot resolve such small distances.

Based upon this conversation it was decided to investigate electron

microscope techniques for making the inlet leak. The services of

Dr. Willens were engaged.

RESULTS OF DR. WILLENS WORK

Presented here are the reports which Dr. Willens submitted.

Progress Report

Progress on the investigation of making holes between 0.25 _ and 0.5
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in diameter and between 0.i _ and i _ in length is discussed.

There are three main considerations involved in making a small

hole in a thin foil for the purpose of a small leak - a re-

producible method of producing holes, attaching the foil to the

main body of the spectrometer through a vacuum seal, and a support

fixture for the thin foil so it can take one atmosphere of pressure

without failure. Preliminary calculations revealed that the foil

would have to be supported over its entire area except for a

small hole where the flow controlling leak hole is located. The

size of the hole in the support piece should be less than i0 _ in

diameter if the stress level is to be maintained below I0,000 psi,

for a foil thickness of 0.2_u, under a load of one atmosphere. A

desirable form for the finished product would be as shown below.

3

• _..._... _ _..................r_...._"_'_ "_--'_o_ i"r _

I // I/t_-- s_o_n- _Ec_- _ r_

The vacuum seal to the system could then be made by clamping the

support piece against a metal gasket.
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Methods for Making Holes

Holes in low melting point metal by electron beam.

(a) Place 200 A film of collodium over 5 _ hole in Pt

support piece.

(b) Evaporate 400 A Bi on lower side of Pt, then remove

collodium by acetone wash.

(c) Place in electron microscope and attempt to melt hole

in the Bi with beam.

(d) Vapor deposit Au on top side of Pt, propogating hole and

then remove Bi with acid.

Observations

Six samples prepared by this method.

The making of holes in the bismuth was extremely diffi-

cult due to the fact that an oxide layer was difficult to

puncture, i.e., the metal would melt away and leave the oxide.

By rapidly raising the beam current, it was possible to punc-

ture holes. Unfortunately one hole never appeared, rather

several at one time. The best sample prepared had three holes

in the 5 _ circle approximately .3_ x .3_, .4_ x .6_, and

1.2p x .4_. This method was abandoned. 6-35
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Holes in collodium (Br) film by electron beam. (similar to

first method.)

(a) 200 A film on Pt support piece with 5 hole

(b) Bombared in electron microscope to make holes

(c) Evaporate 500 A Au on lower side

(d) Remove collodium film with acetone wash.

(e) Evaporate gold on top side.

Observations

12 Attempts - could not produce only one hole in 5 _ circle

again and size of holes was uncontrollable.

Shadow holes of latex spheres

(a) Make 250 A collodium support films on Pt supports, grids

and glass plates.

(b) Spray 0.34 _ latex spheres on collodium films with

nebulizer.

o,_ _R'_X _-_v.._-_ _ o _
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(c) Evaporate 500 A silver.

(d) Wash away or dissolve latex spheres.

(e) Dissolve collodium

(f) Evaporate gold on silver progating hole.

(g) Remove silver with acid.

Observations

a) Twelve 200 mesh grids were prepared by this method.

There where perfect holes within the grid squares in the evap-

orated silver foil. There was approximately one hole per

i000 u 2. An electron micrograph of one of these holes is

shown in Figure i. Figure 2 shows two of these holes (from

different areas) after evaporating 0.12 _ of gold on top of

the silver.

b) Ten Pt supports were prepared by this method. The Pt

supports had various size support holes ranging from i0 p to

I00 _. The density of latex spheres was so low that only one

was found in a i00 p hole.

c) Two glass plates were prepared by this method. The obser-

vations were the same as a).
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Conclusions

The shadowing of latex spheres has been shown to be a coDvenient

and reproducible techniquefor producing sub-micron holes in thin

foils. Although 0.34_ latex particles were used in these experi-

ments, the latex spheres can be obtained with various diameters.

(0.19, 0.26, 0.37, and 0.56 _ spheres are on order.) Due to the

fact that only a very small amount of solution with 0.34 _ spheres

was on hand, the density of sub-micron holes was low. This made

the probability of finding a hole within the aperture of the support

piece quite low. Once a hole is located within the aperature hole

it will be very easy to alter its flow characteristics by either

vapor depositing more gold to increase the hole length or electro-

polishing to increase the hole diameter. (The strong electric

field at the edge of the hole results in rapid removal of the

metal from this area.)

This technique is applicable to make a filter for the instrument.

In this case smaller latex spheres would be used to make several

thousand holes in a 1/8" diameter foil. Since there would be hardly

any pressure drop across the filter, the support of the foil can be

accomplished by a 200-mesh screen grid.
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6.92.2

Tentative Work for the Future

A gold foil, 0.8 _ thick, with a high density of holes will be

made by the method of shadowing latex spheres' This gold foil

will be positioned over a support piece with a I0 _ hole until

one of the smaller holes is within the region of the I0 _ aperture.

The gold foil and the support piece will then be diffusion bonded.

The thickness of the gold foil will then be increased by vapor

deposition. Thickness measurements will be made on a secondary

sample by the x-ray absorption technique.

Figure 6-91 shows an electron-micrograph of a 0.337 p hole in a

0.05 _ silver foil at 80,000 magnification. The left hand insert

shows the same hole. The insert at the right shows the results

of evaporating gold on two holes to a depth of 0.I _.

Final Report on the Making of Sub-Micron Holes

As stated in the previous report, the shadowing of latex spheres

was found to be a convenient and reproducible technique for produc-

ing sub-micron holes in thin foils. The final method chosen may be

described as follows:

(a) Several hundred angstroms of Victawet (wetting agent) is

evaporated on a glass slide.

(b) Sub-micron latex spheres are sprayed on the coated

slide with a nebulizer. 6-39
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(c) Approximately 500 to I000 A of gold is evaporated on

the glass slide. The spheres leave shadow holes in the

gold on the glass surface.

(d) The spheres are removed by an air stream and a wash in

benzene and acetone.

(e) The gold foil, while still on the glass, is cut into

small squares and then detached from the glass by strip-

ping on to a water surface.

(f) A piece of the gold foil is lifted off the water surface

by a platinum support piece (a disk 0.079" in diameter by

0.021" high) with a i0 _ hole in the center.

(g) The gold foil is diffusion bonded to the platinum support.

(h) The thickness of the gold foil is increased by vapor

deposition.

The final product will be as shown below:

/

Observations

Many gold foils were prepared by this method using 0.34 _ diame-

ter latex spheres. Due to the fact that only a very small quantity

of spheres (2 drops of less than a 5% solution) was available, the

density of sub-micron holes in the gold foil was very low (approxi-

mately one hole in I000 _2). This made it quite difficult to locate
6-40
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one of these holes over the i0 _ hole. After many attempts a

successful location was made and the previously described pro-

cedure was carried to completion. Figure 6-92 shows an electron-

micrograph of the sub-micron hole located on the platinum support.

The thickness of the gold foil is 0.21 _ as determined by x-ray

absorption.

Filter for the Flow Limitin_ Aperature

To prevent the plugging of the sub-micron hole by a large particle,

a foil with many holes smaller than the flow limiting hole was made

by the previously described procedure. In this case, 0.26 _ latex

spheres were used. There was a sufficient quantity of this size

sphere available so there was no trouble in producing a foil with

a high density of holes. Figure 6-93 shows an electron-micro-

graph of the filter. The density of holes is approximately 8

million per cm 2. This foil is mounted on a platinum support disk

with a 200 _ hole. There are approximately 2400 sub-micron holes

in the 200 _ opening in the platinum support piece. Since there is

hardly any pressure drop across the filter, it can be supported by

this larger size aperature.

Mountin_ of the Flow Limitin_ Hole and Filter

Figure 6-94 schematically shows the mounting of the hole and filter

to the spectrometer housing. The vacuum seal is made by a gold
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gasket. A 200 mesh copper grid is placed at the entrance to

the spectrometer as a coarse particle filter and another placed

between the foil filter and the flow limiting hole as a precaution

in case a pressure surge breaks the filter. Figure 6-95 is a

photograph of the 200 mesh copper grids and the filter and the

flow limiting foils mounted on their platinum support pieces.
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7.0 EXPERIMENTAL RESULTS

I

The experimental results are classified in four sections: Mass

Spectrometer (including ion source, collector, and quadrupole sup-

ply); Logarithmic Electrometer; Weak Magnetic Ion Pump; and Emission

Test. There was no experimental data taken on the inlet leak or

emission regulator.

I

I
I

7.10 MASS SPECTROMETER SYSTEM

I

The mass spectrometer system test was begun with an investigation

of the ion source properties. The first experiment consisted of

varying the potential between the filament and repeller and record-

ing the electron current which was transmitted through the slot in

the repeller. This current was collected at the accelerator which

I

I

was maintained at repeller potential. Several runs were made at

progressively higher shield voltages (The shield is mounted behind

I

the filament). The results of this experiment are shown in Figure

7.12. It can be seen that as the shield was taken more negative

the electrostatic field lines close in around the filament and re-

strict the emission thus boosting the filament current for the same

total emission. At the same time this action had the dual effect

i of increasing the maximum transmitted current and shifting the max-

ima so that they occur at higher and higher values of A_%r_-

I Both of these effects are desirable since they combine to produce

! 7-1



I
I
I
i

I
I
I

I
I

I
i

I
I
I

I
I

a higher electron beam transmission efficiency at the proper accel-

erating voltage. The correct operating value for A V FIL-REP is

140v. as determined in the source design. Therefore the shield po-

tential was maintained at -600 volts for the remainder of the tests.

The second experiment performed was to measure the electron current

collected at the anode as a function of the repeller-accelerator

voltage. The results of this experiment are shown in Figure 7.13.

The anode was positioned to accept the electron current at a nominal

_ REP-ACC of 101v. It is seen that the anode position appears

to be adequate. The sharp spike at the left edge of the anode cur-

rent peak is unexplained. The negative accelerator current is the

result of secondary emission. Neglecting the previously mentioned

spike the transmission efficiency of the electron beam aperture is

42%, which is not too bad considering that no design work was done

in this area.

A third ion source test was the determination of the electron beam

thickness. This was doen by measuring the energy distribution of

the ions coming out of the source and collected at the collector.

The results of this test are plotted in Figure 7.14. The general

slope to the plot is due to a superimposed leakage current arrising

from the fact that the electrometer detector was grounded through a

bucking power supply. It is seen that the electron beam is 31 volts

wide in the region above the accelerator aperture. There are two

reasons for this. First, A_ REP-ACC is 91 volts instead of the

design value of I01 volts thus shifting the minimum point of the
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parabolic trajectory away from the central axis. This was done

because the greatest source sensitivity was obtained for this re-

duced value of _V REP-ACC. This is accounted for by the fact

that a decrease in _V REP-ACC brings the electron beam closer to

the accelerator. The second, and more important, factor is that

there is evidently a wide dispersion of angles coming from the en-

trance slot. It was hoped that varying the shield voltage would

improve this but no positive results were obtained.

Next the focal properties of the ion source were investigated by

measuring the total ion current at the collector as a function of

accelerator and negative lens voltages. In order to accomplish the

collection of the ion current the quadrupole rods are biased to act

like a thick lens. This mode of operation appears to be applicable

to the measurement of total current under flight conditions. The

results are shown in Figure 7.15. The quantitative accuracy of this

particular test is doubtful because it was later found that ion

current from the vacuum system ionization gauge could get to the

collector. This problem was solved by taking all future readings

with the ionization gauge turned off.

The maximum value of ion source sensitivity with the exit aperture

(A3) grounded was found to be 1.0 x i0-II amps/_-_. It was also

found that when the aperture electrode was taken negative the sen-

sitivity increased. In this mode of operation the maximum ion sour-

ce sensitivity was found to be 6.5 x i0 -II a/_- _ for VA3 = -165v.

This indicates that the leakage field up through the long aperture
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in the negative lens is much weaker than the theory predicted.
i

This is due to the length of the aperture being so great (0.050").

as VA3 is increased the leakage field increases and a higher sensi-

tivity is obtained.

An experiment was run measuring the collected ion current to both

collectors as a function of the voltage on the central electrode

with the rear electrode grounded.

The results indicated that all of the ion current was collected for

voltages less than -150v. The maximum sensitivity given earlier

was measured at Vel = "168v.

The conclusions which must be reached is that the experimental sour-

ce sensitivity is too low. The following improvements are suggested:

I) Place the electron beam as close to the accelerator aperture

as possible.

2) Improve the electron gun design in order to cut down on the

beam spread.

3) Go to a spherical source instead of a parabolic one to ob-

tain focusing in two directions.

4) Make the flow restricting aperture in the exit plate instead

of the negative lens. In this way the lens electrode can

be made thinner and the focal properties improved.

It is felt that these improvements can increase the source sensitiv-

ity to a value which is near the predicted theoretical value. It

should also be pointed out that the design sensitivity was based on
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the assumption that H20 would register 1 x 10-13a. at an analyzer

pressure of I x 10-7mm, two decades below the probable maximum al-

lowable pressure. Actually the pressure variation over the samp-

ling range should not exceed one decade and therefore if the maxi-

mum analyzer pressure is held at i x 10-5mm the measured source sen-

sitivity for VA3 grounded is only a factor of 5 lower than necessary

value. The adoption of the recommended changes should bring UP the

sensitivity to the necessary level even if the flow restricting

aperture is cut to a diameter of 5 mils. which is probably necessary

in order to achieve the assumed differential pumping ratio of 20.

The quadrupole RF and d-c supply operated within the design range

and functioned adequately so that data could be taken on the quad-

rupole mass filter.

Frequency range of the supply was 1.92 to 5.75 megacycles and would

!

develop 300 volts peak-to-peak on each side of common. This was

accomplished with a 30 volt d-c source and it is anticipated that

the voltage and frequency range necessary can be achieved with a 28

volt d-c source. The d-c output was of the appropriate magnitude

and appeared to follow the RF magnitude well. However, the exact

variation of the Vd_c/Va_ c ratio was not determined.

With some shielding of the RF tank circuit a waveform which was very

nearly sinusoidal was achieved. It is anticipated that an essential-

ly ideal sinusoidal waveform can be achieved if it is found neces-

sary.
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No effort was made to closely regulate the amplitude of the RF volt-

age since the possibility exists that this variation may be taken

into account in the mass scanning method. Consequently the RF volt-

age amplitude varied approximately 15% over the frequency range.

This variation was reproducible during the experiment. Due to

quadrupole mass filter sensitivity considerations and the need to

assure a given voltage level after the 6 month flight is completed

there is a strong possibility that a feedback stabilization circuit

may be required.

The test of the quadrupole analyzer was carried out once the ion

source characteristics had been determined. The first thing which

became apparent was that the ratio re/r 0 was not large enough. This

is understandable when its value of 0.i is checked on Figure 4.13.

It is found that at the designated value of resolution (_= 25).

that a pointed peak will be obtained. Unfortunately at the time

the ion source was fabricated we did not have this pertinent design

data and therefore the proper value of re/r 0 could not be chosen.

The affect of the variation of Vd_c/Va_ c is shown in Figure 7.16.

It is seen that the necessary resolution can be obtained but with a

pointed peak shape.

The effects of varying the quadrupole voltages while keeping a-c to

d-c ratio constant is shown in Figure 7.17. The a-c voltages indi-

cated are peak-to-peak and therefore twice as great as Va_ c. It is

seen that the peak broadens as the voltages are lowered and the

apikes on the peak become noticably worse. This is to be expected
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as was pointed out in the theoretical discussion.

An interesting observation may be made from studying the data shown

in Figure 7.18. In this experiment the entire ion source was taken

negative with respect to the quadrupole rods. When this is done the

ions are apparently slowed as soon as they come out of the ion sour-

ce and the effect upon the peak shape is exactly the same as if the

injection energy were decreased in the ion source relative to the

exit aperture potential. The further the ion source is taken nega-

tive the better becomes the resolution and the spikes on the peaks

subside. It should also be noticed that the peak height does not

vary appreciably over this range.

The possible implications of this experiment are that a relatively

high voltage ion source may be employed while at the same time main-

taining a low injection voltage (VI). The use of a higher voltage

source inplies that greater source sensitivity can be obtained as

was pointed out in the general discussion of ion sources.

The recommended changes and investigations based on these experimen-

ts,with the quadrupole analyzer are:

i) The rod spacing should be increased to r 0 = 0.200 n to allow

for a lower re/r 0 ratio. As discussed in section 4.12.4

the quadrupole power should not change appreciably.

2) The entrance aperture radius should be adjusted to obtain

100% transmission efficiency.

3) The effects of biasing the source negative should be studied

further to find out the full range of usefulness of the new

technique. 7-7
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4) Study effects of the Einzel lens further to determine if

the collection efficiency is 100%. (This was not determined

in the present experiments).

LOGARITHMIC ELECTROMETER AMPLIFIER

The logarithmic amplifier discussed in section 6.70 was constructed

and adjusted as given in the aligning procedure of section 6.72.

An appropriate current was applied to the amplifier through a high

megohm resistor. The resistor was changed from i0 I0 ohms to 1012

ohms in order to cover the needed range with a practical voltage

source. The logarithmic electrometer amplifier input-output data

was taken for the various input currents after steady state condi-

tions had been reached. This d-c response data was then plotted.

The results are shown on Figure 7.21. It was very encouraging to

note that the amplifier characteristic was very close to the ideal

logarithmic line even at low currents. This would indicate that

the logarithmic characteristics might hold at currents below 10-13

amperes. The arrows at the data points indicate whether the data

was taken while increasing or decreasing the input current° It is

seen that some dielectric hysteresis is evident at lower currents°

As indicated in section 6.73 there are methods which should improve

this condition.

The effect of varying the neutralizing capacitor, Cn, is shown on

Figure 7.22. The input was the modified triangular type discussed

in section 6.75 giving a step function input. It can be seen that
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Cn is very effective in controlling the time response. The three

charts indicate the overdamped, critically damped, and underdamped

cases effected by different values of Cn.

With the neutralizing capacitor, Cn, adjusted to give critical damp-

ing at 10 -8 amperes input, the triangular wave slope was adjusted

to give +5.0 volts out at 10-13 amperes and 0.0 volts out at 10 -8

amperes. The wave shapes showing this zeroing are shown on Figure

7.23 (Runs #2 and #3).

By determining the triangle wave slope which corresponded to known

input currents, the output response was recorded. This data is

shown on Figure 7.24 for six different simulated step input currents

(Run #4 through #9). It was noted that for larger input current

steps, the output dropped from the established level. It is felt

that this is an effect which can be attributed to a large time con-

stant associated with the triangular wave input method. It was en-

couraging to note that the time constant was approximately i00 milli-

seconds and that the final d-c level was effectively reached in ap-

proximately 500 milliseconds.

The data from Runs #4 through #9 (Figure 7.24) was used to make a

triangular wave input calibration curve shown on Figure 7.75. Using

this calibration curve to associate triangular wave slope with input

current, the logarithmic electrometer amplifier response with step-

ped current inputs was plotted. This graph is shown on Figure 7.26

The linear, ideal logarithmic, and actual response are shown. The

actual followed the ideal logarithmic line very closely and in fact
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deviated only slightly even at 10-13 amperes. This again shows the

probability of a continued logarithmic response at even lower curr-

ents.

Difficulties encountered in attaching the amplifier to the experi-

mental quadrupole prevented a system evaluation.

WEAK MAGRFETIC ION PUMP

When weak magnetic ion pump was initially tested no positive results

were obtained. The pump was removed from the vacuum system and

ground shields were placed around the anode support rod and the

electron gun barrel. When the pump was replaced and tried again a

positive result was obtained. For 21 a of emission current going

to the anode 3 a of ion current was registered at the cathode at a

pressure of 4 x 10-6mm with a magnetic field of 195 gauss. This

current varied with pressure and was therefore confirmed to be ion

current. The Vac Ion@ 0.150 cc/sec, pump requires about 12 a of

ion current for a pumping at 4 x 10 -6 mm and therefore this value

of ion current should give a pumping speed of 50 cc/sec. A stable

pumping speed was not measured but several factors accounted for

this. First, there was no readily available means of determining

the pumping speed under the experimental conditions which prevailed.

Second, the electromagnet which was used got extremely hot when

operated at 195 gauss and therefore the outgassing equilibrium of

the vacuum chamber was altered. The heating was probably excessive

enough to cause the internal pressure to rise by virtue of the per-

fect gas law. Third, the magnetic field had a slight effect upon
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the ion gauge indication. Fourth, and perhaps the most important,

is the fact that the cathode and grid geometry which was tested was

probably very far from ideal. The major problem is that the sur-

face area of the cathode is too large for the amount of ion current

which impinges upon it. At the same time it would also be advisable

to increase the number of rings used in the grid stack and perhaps

run some verticle grid members. These changes would increaze the

sputtering action greatly and therefore improve the overall pumping

action. A fifth factor which must be considered is that over half

of the rings in the grid stack were fabricated with copper. It has

been decided that this was probablynot a very good idea even though

the sputtering efficiency is higher. It would be desirable to test

the pump with all titanium grids.

Further investigation is in order in the following areas:

I) Investigate the effects of improved shielding and electron

gun placement on the lowering of the magnetic field neces-

sary to obtain efficient operation.

2) Improve the electron gun design to obtain higher emission

efficiency.

3) Investigate improved cathode and grid geometries and all

titanium system as indicated above.

4) Solve the differential equations of motion on a digital

computer to determine the theoretical value of B necessary

to obtain fast flipping.

5) Study methods for obtaining a more controlled experiment so

that pumping speed measurements can be accurately made°
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6) Solve the space charge distribution problem to determine

the theoretical limitations on ion current.

EMISSION TEST

The results of the emission test indicate a high emission efficiency

through a small slit which is long compared to its width cannot be

obtained unless considerable effort is expended in the design. It

was also concluded that the magnetic field created by the filament

current was deflecting the electron beam away from the aperture.
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8. I0

CONCLUSIONS

Based upon the results of this study program the following _nclu-

sions have been drawn. They include a proposed breadboard design,

expected performance, power, weight, and recommended studies.

,L

PROPOSED BREADBOARD DESIGN

The proposed breadbuard design is shown in Figure 8.11. The prin-

cipal changes from the experimental units and other important fea-

tures are:

I) r0 has been increased to 0.200" to improve transmission

efficiency.

2) A spherical ion source replaces the parabolic source which

was tested. This should increase the ion source sensitivity.

3) The quadrupole rods are fabricated of stainless steel tubing

rather than solid round stock to decrease weight. Pump out

holes are drilled in the back sides of the rods.

4) All flanges were eliminated in favor of welded seals for

lightness. The final sealing weld is indicated.

5) The ion source filament and ion pump electron gun filament

were combined. Emission is focused in two opposite direc-

tions from the same filament. The emission regulator would

control the ion source emission and a simple grid type emis-

sion control would prevent the pump emission from increasing

8-1
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e)

7)

s)

9)

io)

too far. Once space charge saturation is reached in the

pump subsequent fluctuations in electron beam should not

affect the pumping spee_ therefore, close regulation is

not needed.

A single collector replaces the double collector which was

only for experimental purposes.

The quadrupole voltage feed throughs are moved farther to-

,ward the collector and to be compatible with the packaging

of the electronics. The feed throughs are also smaller than

on the experimental voltages.

The quadrupole rods are mounted on ceramic stand offs which

slip inside the ends of the tubes. The entire assembly,

including the Einzel lens stack and ion source is clamped

together and held there by screws which pass through the

exit aperture plate and are attached to the envelope struc-

ture.

The envelope is 0_050" wall stainless steel tubing.

The cathode of the ion pump becomes the outer shell for this

part of the unit. Since the same filament is used for the

electron gun and the ion source the voltage relationships

dictate that the cathode be electrically isolated from ground.

This is done through the use of a ceramic ring which joins

the pump and ion source. The ring performs a second func-

tion in that all of the source and electron gun voltages

are fed to their proper connections by means of eleven pins

seated around the ring. The pump cathode will have to be

coated to prevent arcing. 8-2
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II) The anode and grid voltages are fed in through separate

feed throughs.

12) Permanent magnets are used to supply the magnetic field for

the weak magnetic field ion pump. The cathode shell is fab-

ricated of magnetic stainless and thereby provides a flux

return path. An additional shielding should be necessary.

13) The electronics modules along with the mass spectrometer

and pump are mounted in a light magnesium support structure

and a unified package is obtained.

14) A large volume is allowed for the r.f. inductor and shield

so that it can be made as efficient as possible.

15) The sample inlet leak assembly is mounted in a small flange

which comes out of the side of the ion source. There must

be a small break-off assembly to open this aperture when

sampling is begun. This is not shown in the conceptual

drawing.

EXPECTED PERFORMANCE

The study indicates that it should be possible to meet all the de-

sign specifications provided that some leeway is given on the power

specification. Some specific problem areas still remain to be dealt

with including the improvement of the ion source sensitivity, i_-

proving the design of the weak magnetic field pump_ improving the

electron gun design, and regulating the quadrupole supply voltage

(so that a synchronized scan can be used).

As has been previously indicated, t]_cre are alternate approaches to

8-3
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most of these problems and it is therefore felt that the overall

performance in terms of resolution, sensitivity, and accuracy can

be maintained at or above the level called out in the work statement.

A sustained effort in the breadboard phase would be necessary to

realize this goal.

EXPECTED POWER

The expected average power requirements for the proposed breadboard

are presented here:

a) quadrupole power 1.2 watts

and power supply loss (averaged over the scan)

b) Stepping Motor for scan and

drive power

c) Filament (including em&ssion

regulator and power converter)

d) Logarithmic Electrometer

e) Electrometer Power Supply

f) Source Power Supply

g) Ion Pump power (includes

supply loss)

Electron Gun power (includes

supply loss)

h) Regulator Reference power

supply

TOTAL

1.0

5.2 - 3.9

0.4

0.4

0. I

0.7

0. i

9.1 - 7.8 watts

These estimates were arrived at as follows:

a) The power required by the quadrupole coil was calculated

from the theoretical value assuming:

Cmi n = 50pf.

8-4
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c)

Qavg = 150"

r0 = 0.200"

Vac = 173v. (as required by the considerations
of Section 5.0)

Then an oscillator conversion efficiency of 50% was assumed.

This should be obtainable under conditions of class B oper-

ation.

The scan drive power was crudely estimated and should be

high because of the relatively short duty cycle _I0%).

It is also possible that a clock spring and escapement could

be used but this must be investigated.

The filament power was estimated by extrapolating available

data on 7mil and 5mil rhenium wire filaments to the case of

3mil wire which would be used. The 5.2 watt value assumes

the use of a conventional emission regulator, such as built

in this study program, in conjunction with an efficient pow-

er converter system upon which we have data. It is a satu-

rating core type, but a third core is used for the feedback

and the transformer carrying the main load does not saturate.

This reduces the losses considerably over other more conven-

tional types. The 3.9 watt value is based upon the use of

a phase controlled or switching type regulator. This type

of system has not been thoroughly investigated as has the

d-c regulator but the approach is a feasible one.

*This value appears attainable based on the work of Norton Bell

of Bell and Howell Research Center whose Consulting services

were relied upon.
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It should be pointed out that the standard emission regulator was

designed to work directly from batteries. If it works from a power

converter which in turn is fed by a regulated power source it could

be underdesigned to obtain higher efficiency.

This power was estimated for a total filament current of about 200_.£a.

It is also estimated that the additional power required for more

emission is approximately 10-3 watts/_a at the filament.

d)

e)

f)

g)

The power estimate for the logarithmic electrometer was

taken directly from a measurement of the experimental unit.

Power converter efficiencies of 50% are not too difficult to

achieve even on well regulated systems.

The ion source power was estimated on the basis of the ex-
\.

pected voltage and current requirements and assuming a low

conversion efficiency.

The power required to operate the weak magnetic field pump

was estimated from the calculations carried out for a geom-

etry limited pump. It was assumed that the space charge

limited pump would be three times as efficient as the geom-

etry limited pump and with the power converter losses inclu-

ded and a small safety facto_ the value came to 0.7 volts.

This efficiency would require the ion pump to work at 10_a

of emission current for an electron gun efficiency of 50%.

If the electron gun efficiency can be improved the demands

on the pump can be lessened. This value of electron current

does not appear to be unreasonable in view of the experimental

8-6



I
results obtained thus fa_ since it is anticipated that the

I suggested improvements in pump design will improve the I+/

pl- ratio.

I h) The regulator reference power is based on data acquired on

I a unit which has been flight tested and is in fact higher

than is necessary.

I 8.40 EXPECTED WEIGHT AND SIZE

I The expected weight and size of the proposed breadboard design are

given below: Weight Size

I a) Quadrupole mass filter, ion 3.0 lb. 44 cu. in.

source, collector assembly,

i and pump

b) Filament Supply 0.25 %_20

I c) Emission Regulator 0.2 J m

d) Logarithmic Electrometer 0.5 25

I
I

I
I

e) Quadrupole Power Supply 0.8 _20

and Coil --- _ 50

f) Scan System 0.4

g) Electrometer Supply 0.25 20

h) Pump and Electron Gun 0.3 20

Supplies

i) Regulator Reference 0.2 I0

i 0.4
0.5

j) Ion Source Supplies

k) Break-off Device

25

(External)

I I) Structure and Potting 1.0 5 (Structure

only)

I TOTALS 7.8 lb. 239 CUo in.
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8.51

8.52

It is seen that the proposed breadboard design will not meet the

weight requirement_ however, it appears that it may meet the volume

requirement. The majority of the weight is due to the electronics.

Careful design would be required to meet the weight specifications

which are listed here. There may be some instances in which power

supplies can be simplified over conventional design, thereby saving

weight.

RECOt_4ENDED STUDIES

The results of this study program indicate that the following areas

should be concentrated on in any future effort.

Emission System

The largest single power loss occurs in the emission system. _ere-

fore, this area should receive a great deal of attention, to be divi-

ded over: low temperature emitters, electron gun design, and high

efficiency emission regulation. Electron gun design is also impor-

tant in obtaining a high differential pumping ratio.

Pumpin_

As indicated in the experimental results additional tests and theor-

etical work should be carried out on the weak magnetic field pump.

If the expectations are not realized_then efforts should be directed

toward the design of a miniaturized triode type Penning discharge

ion pump. In the event this is necessary, some effort should also

be directed toward the study of magnetic shielding techniques.

8-8
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8.54

8.55

8.56

8.57

Ion Source Improvements

As indicated in the experimental result% there are some improvements

which can be made in the present ion source design. Axial potential

plots should be employed to obtain optimum focal characteristics.

These Should raise the sensitivity to a level that is compatible

with the rest of the system.

Inlet Leak

The sample inlet leak which was constructed by Dr. Willens should

be tested to see how nearly molecular flow is attained. In additio_

the possibility of condensation effects should be examined.

quadrupole Tests

Further datashould be taken on the quadrupole analyzer to examine

the detailed aspects of peak tails, transmission efficiency, and

biasing of the source with respect to the quadeupole rods.

Quadrupole Supply

Methods should be studied for closely regulating the voltage level

over the full frequency range so that synchronous scan techniques

can be employed. Also the effects of better transistors should be

analyzed, Some investigation of high Q coils might also be consid-

ered, including the possible application of a ferrite core material.

Pump out and Resealing

Since it would be desirable to have the mass spectrometer pump out

in space, it will be necessary to investigate techniques for reseal-

ing the mass spectrometer before it enters the Martian atmosphere=

8-9
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In view of the minimum number of data bits which are available and

the demands that this makes on the mass spectrometer operation, it

seems reasonable to direct some more effort toward a logic system

for efficient use of the bits which are available.

I

I

8.59 Packa_in_ Techniques

In order to hold weight to a minimum, it will be necessary to employ

optimum packaging techniques. These should be investigated.

I

I
I
I

I
I

I
I

I
I
I

8.60 Alpha Source

It has been pointed out that the alpha ion source has the advantages

of a high differential pumping capability and not using a power con-

suming electron emission system. This type of source was not experi-

mentally investigated during this study program because it was felt

that a more conventional electron bombardment source could be devel-

oped more rapidly. It is still believed that the alpha source should

be investigated when time allows. Since counting techniques would

be used to monitor the output of an alpha ion source system, they

should be thoroughly investigated. If this technique is ultimately

used, it would then become advisable to weigh the relative merits

of the electron gun type ion pumps against the strong magnetic field

types since_if the latter were used, the filament and emission system

could be eliminated altogether. The saving in power would be truly

significan% although this improvement is partially offset by the

problems encountered with the magnetic field_ however, the result

should be an improved system.

8-10



I

!

I
I
I

I
I



i
I

!
I
!

I
I
I

i
I
i

I

i
H
I

i
i

i i

f
IQUADRUPOLE SUPPLY

VARIABLES Vq, f,C

DES IGN _q, Poq

Pq =POWER APPLIED TO
APPARATUS

Poq=ORIGIN POKER
( INCLUDING CONVERTERS)

ION I " '

ENI_
FI_Alt_

COATED FI_
CCLD CA'rlODE

ELEC'I_ON NIJLYIPLIE!

I

SAMPLE FLOW

VARIABLES p, EMITT_ &
Ve _ Qs, D

I
PUWP .

VARIABLES Qs, D

:_ DESIG_

QUADRUPOLE I

VARIABLE ro, 1 ,Vq, f, Af
LEAD TO 1,vt,c,re

?O_ 100_ eq

T T
• W

I_ S_ffE

VA_ IABLES a ,Vi, d s
LEAD TO

!
ALPHAS

M, I_,gs,
CONF IGU_TION,

DESIGN AND

f(Ia), f(p)

i

I

I

DETECT_

VARI#_.,ES Gq,gs AND
I_i_, DmmN

PUMP SUPPLY
DES IGN

- JVARIABLES _,_ AND I_
I_ ¢I +, DESIGN

0s = SABLE FLOW
D, = DIFFERENTIAL

PUMPING RATIO,jDETECTOR SUPPLY
DESIGN

FIGURE 3.10

Vq ffi APPLII_) AC & DC
Af= SCAN RANGE IN I"
1 = HALF ANGLE FROM

ION SOURCE
Vi = INJECTION VOLTAGE
C = CAPACITY.

r e ffi I_ SOURCE &PERTURE
RADIUS

Bq = TRANS. EFFICIENCY
(QU_mU_LE)

M+ = MAGNIFICATION
If = I{_ CURRENT

F{_I4FD
9s = S(Z_CE

EFFICIENCY
Ia =ALPHA PART

CTmP, E_

f (p)= I_mCTI{]M
OF I_ESSUU

I- = ELECTRO_
IONIZING
CURRENT

I_ ---ION CI_

P = PRESSURE



I
1

I
I

I
I
I

I
I
I

I
I
I

l

I

X

v=Cv._+w.c_°__X _'-×" )
ro2

I
I

I

QUADRUPOLE MASS FILTER
t lG 4.II

I



I

I

I

|



I

I

I

I

I

I

!

!

I

I

I

I

i

I

I

\

T_. ll II



I
I
I

I
I

I
I
I

I
I
I

I
I

I
,o
I
I
I

iii

_o

_. ,,ooo =
_-_. 4

° _mm x _



I

I

I

I

I

I

I

I

I

I

I

1 tb, 0

{I
0
0
,--4

0
00

0

0

0
C_

u'_
,,-4

f=4



i



I

I

I
I

l

I

I
I
I

I
I
I

I
I
I
i

i

1000-

;>

_J
m

;>

100

10
1.5 2 2.5 3 4 5 6 7 8 9 10

FREQUENCY (fmc) MEGACYCLES

OUADRUPOLE VOLTAGE, FREQUENCY, MASS

AND POWER RELATIONS

FIGURE 4.17



?'

f



I

I

I
I



!

lJ



!

(
I

i

1
f,

I

, I
r-,I L _I _--_

m - i :i--I

,-'4 I S_

"41

"l-

vI_-4

I

(_ _I___J

c:)

+

1_ _ _

; . ii° _

C_
I I J

r_
!

!

r'I

I.'4

-r-4

"0



I
I
!

I
I

I
I
I

I
I
I

I
I

I

I
I
i

I

1ooo00

60O00
5000C

4000C

3OOOO

2000C

1000C

=¢

8

Z

,.2

PROJECT NOTE #12

Q L =1.91 D4 + 9.1703 + D2 in 1 + 2. 531)

FO_ Pa: 105/= fig

/

/J :

/ :

rJ ,
,/1/
!
/

DIANET_ OF HOLE D (#)

FIGURE 4.42

'!/ !

i



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

,0/

0.9

0.8

0.7

0.6

0.5

_o.4

00.3

C.9

O2

0.1

PROJECT NOTE #I0

Q L II. 86D 3

FOR Pa = 1.043 X I05_

FOR P

= 50 mm
=i00 mm
=150 mm

/

/

FIGURE 4.43

A= lu

A: .5u
A:.33 u

/
/

/



I

I

I

I

I
I
I
I

I
I
I

I

I
I

fi_

D

Z
O

L

©

J)
---, ,_
-- °

ry ¸

C3 _"

d

D

F-

';3_
tJ

z
0
u

I

I
I



I



I
l

l
l

l

I

I
I
i

I
I
l
I •

I
I
I

I

'Ve2

a2

I
I

i
I
I

I

1

f

E2

r

Pc2

Vz2

i

Pel

ral

DETAILED LAYOUT

OF CYLINDRICAL
PUMP GEOMETRY

REGION 2

Zl

E Z

vZl

E 1

P cl

DECELERATING

REGION

REGION I

0

FIGURE 4.53



I
I

I
I

I
I
I

I
I
I

I
I

,l
I

I
I
I

I

D
2

8O

7O

6O

5O

4O

3O

2O

I0

SINGLE ENDED
PUMP

400cm PATH LENGTH
FOR A PUMP WITH
3" OF TOTAL LENGTH

(2" OF USEFUL- LENGTH)

FIGURE 4.54

I

i I I l I i

2 ° 4 ° 6 ° 8 ° 10 o

TOTAL ANGULARSPREAD ABOVE m MIN = 10 o

PATH LENGTH PER Z DISTANCE AS A FUNCTION
OF ANGULAR SPREAD



I
I

I

I
I

I :_
I

i

I

I
I

I
I

I
I
I

| I I I I I I I I I I i ) I

0 _ _ C_ 0 0 O Q 0 _ _ Q 0 O

,-I ,-i ,-4 e-i ,-I

_-_-) I:I,1,9._:_I d_ld _a_d H,I,gNH"I B,LVd _OV_AV "IV&O,I,

I

'!!°;

Q

I



I

I

I

I

I

I o

I

I _._

I

I "i_

I .75,

!

I
I

I
I

1.00

= I/re

I"i ._____ " -

I .

EQUIVALENT TO SINGLE ENDED

.....

I _0"25 =1

I

I

I
I

5 °

I I I i

I0 o 15 ° 20 ° 25 °

PITCH ANGLE a

PROBABILITY OF T_ANSMISSION VS PITCH ANGLE

FIGURE 4.56



J;m

1
I
I

I
I
I
I
I

I
.I

I
FIG _.5 ?



i
I

I
I
I

I
, I

! i

|
!
J

I
I
I

I
I

I
I
I

il

I

_ 1 ./

J



I

I

t
i
I

I

I





I 
I 
i 
1 
I 
1 
I 

I 
I 
I 
I 
1 
I 

I 
1 
I 
1 

I. 

I. 
QUADRUPOLE ASSEMBLY 

FIGURE 6.12 



!
!

!
!

!
!

I ×°-_ ./

RiPELLEP

V_ i re. --_ Kt dl
ACCELERATOR I

\ I E,

I
LENS

I
II ,j_ I

.__ EXIT APERTURE

K2 :a2/a,
K._ =d3 /dz

K4 - r2/we_

I

I

I

I
I
I

I
I

\

\
'/I

I

II

I i

I

I

DESIGN FACTOF_:3 OF E,,'PE_tMENTAL

I Ol,,l "-3OUIRCE

FIG G.21

VA+VR

V I

VA

I



,qr

ell

<i-

Q

I-C_l

I.d ll_

_lJ.I

OLu

F-tn

I

I
I

I

\\1\ \<_
n

,,>t<o_ V--

t ___

!
! !

• I

ill



I 

ION SOURCE FOR QUADRUPOLE 1 

I 
I 
1 
I 

FIGURE 6 .23  



FILAMENT TEST FIXTURE 
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ELECTRON GUN FOR ION PUMP 

FIGURE 6.84 
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